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Abstract 
Humans have lived hand in hand with light since the beginning of time. The more the knowledge and 

technology advances, the more discoveries and applications involving electromagnetic waves are 

found and created. This thesis is another grain of sand in this process. This work centers on the 

experimental study of the possible enhancement of absorption and nonlinearities in periodic 

nanostructures and metamaterials, produced by the electromagnetic field enhancement and 

localization. In the first part, we study a one dimensional metal/dielectric periodic structure that 

integrates a layer of graphene at the position where the electromagnetic field is expected to be 

enhanced. Absorption can be quantified through measurement of reflection and transmission from 

the structure. The experimental measurement is not trivial, as it strives to prove that linear absorption 

can be enhanced by the properties of the photonic crystal. In the second part, a gold grating will be 

studied. In this case, the resonances that the structure displays at certain wavelengths lead to the 

enhancement of electromagnetic field and to the consequent enhancement of nonlinear effects like 

second harmonic generation. The peculiarities of these nanostructures are crucial to nanotechnology 

and thus to the next generation of applications and optical devices, as well as  projects that aim at the 

exploitation of these kinds of structures.   
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1. INTRODUCTION 
 

The study of light and its applications have been the focus of many studies since the end of World War 

II. The deeper study of the optical properties of materials has opened the floodgates to an astounding 

amount of scientific research each year, powered by the fact that new technologies and materials are 

created at a remarkable rate. Researchers are continuously discovering new phenomena and 

applications related to one of the wonders of our universe: light.  

This thesis aims at gathering a series of experiments done with photonic nanostructures, centered on 

the measurement of reflection, transmittance and especially absorption. Attention is focused on two 

different periodic nanostructures with one dimensional and two dimensional periodicities. Even if 

most of this work revolves around optics and photonics, it also includes concepts of material science 

and some simulations of theoretical behavior. In one of the structures, graphene will have a special 

place in the measurements. The properties of this recently-discovered material are still not completely 

known, and thus under intense scientific scrutiny.  

This project is composed of two parts: an experimental and theoretical part, with the experimental in 

our view being more important. In the first chapter we introduce some theory about photonic crystals, 

introduce the concept of resonance and how it appears, light propagation inside a photonic crystal, 

the mathematical explanation of absorption and some of the known optical properties of graphene. 

Following this description, we will describe the different setups used for the experimental 

measurements. Finally, the experimental results will be reported and compared with the theoretical 

predictions, and our conclusions summarized.   

Our proposed objectives are as follows:  

• Linear characterization of reflectance and transmittance as a function of the wavelength and 

incident angle for different sub-wavelength structures. 

• Measurement of the enhancement of linear absorption in a one dimensional metal/dielectric 

structure with integrated graphene layer(s). 

• Experimental study of resonant behavior of a two-dimensional gold periodic nanostructures, 

and measurement of the second harmonic generation. 
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2. THEORETICAL BACKGROUND 
In this project we aim to study the effect of geometry on different periodic nanostructures samples, 

focusing on the enhancement of absorption by graphene layers, and second harmonic generation in 

gold gratings. In order to achieve this objective, we present a brief a theoretical background of the 

optical properties of photonic crystals, graphene s, linear absorption and second harmonic generation. 

2.1. PHOTONIC CRYSTALS 
Photonic crystals are a powerful tool for the control of light propagation. These crystals are not as 

simple as an optical fiber, which only controls the direction of propagation:  depending on the design, 

one may control transmission, reflection, absorption or field localization of the light, among other 

properties. 

One way to understand how photonic crystals work is by comparing them with a semiconductor 

crystal. The lattice of a semiconductor crystal is a periodic arrangement of atoms or molecules that 

create a periodic potential and establishes the conduction properties of the particular semiconductor. 

This periodicity leads to the appearance of energy gaps, forbidding electrons with particular energies 

from propagating inside the crystal. The photonic crystal can be viewed as the optical equivalent: 

electrons are replaced by photons; the periodic lattice of atoms or molecules is replaced by a 

macroscopic medium with different refractive index, and the periodicity of the atoms is replaced by 

the spatial distribution of different materials having different refractive indices, with a periodicity of 

the order of the wavelength of light. 

Just a periodic structure of different media is not enough to create a photonic crystal. The refractive 

index contrast of the different materials should be sufficiently large to generate band passes and band 

gaps, and absorption should be relatively low. If these conditions are satisfied, refraction and 

reflection generated at interfaces can produce different light modes, dictating which frequencies and 

directions of light can propagate and how they propagate. 

Photonic crystals can be classified depending on its periodicity as: one dimensional (1D), two 

dimensional (2D) or three dimensional (3D) photonic crystals (Figure 2.1 ). 1D crystals have variation 

in the index of refraction in just one dimension. 2D ones have variation in two dimensions, and finally 

the refractive index of the 3D ones changes in the three dimensions of the crystal. The periodicity of 

the different axis does not have to be the same. In fact, this is one of the factors that can change the 

Figure 2.1 One, two and three dimensional photonic crystals representation. The different colors 
indicate materials with different refractive index 
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design of the crystals and with it, its function. This work will be centered around the 1D and 2D crystals, 

because this is the periodicity of the supplied samples. 

 

2.1.1. One dimensional photonic crystal 
1D photonic crystals are the simplest example. Its refractive index just varies in one dimension, so it 

can be written as 𝑛(𝑧) (or using the dielectric constant, 𝜖(𝑧) 1). These types of structure acts as a 

Bragg mirror for some values of incident wavelength and is most commonly used with defects inside 

in order to enhance or localize the light modes.  

Photonic crystals can create resonances, similar to a Fabry-Perot resonator. In each interface between 

the two materials, the incident wave splits in two parts, the reflected and the refracted one. The 

intensity of each wave depends on the incident angle and the dielectric constant of each media. With 

just one media, resonance cannot be accomplished, but it is a different matter if various interfaces 

between media are placed together. Figure 2.2 shows the reflections and refractions between two 

layers. The different interfaces create reflected and refracted waves, which generate more reflected 

and refracted waves on its own, increasing the field inside the sample and creating a resonance. This 

phenomenon does not occur for every wavelength. Depending on the refractive index of the media, 

as well as the thickness of the layers the field inside will trapped or not (Ghulinyan & Pavesi, 2014). 

A particular application of the photonic crystal is a distributed Bragg reflector or dielectric mirror. This 

mirror is a 1D photonic crystal where each layer has an optical thickness corresponding to a quarter 

wavelength 𝑛𝑙𝑑𝑙 = 𝑛ℎ𝑑ℎ = 𝜆𝑜 4⁄ ; where 𝑛𝑙 , 𝑛ℎ  are the refractive indexes of the media; 𝑑𝑙 , 𝑑ℎ  the 

thickness and 𝜆𝑜 a particular wavelength. This optical thickness is chosen because a wide window with 

nearly 100% of reflection is obtained. This window can be explained with the photonic bandgap.  

The starting point are Maxwell’s equations. Photons can be analyzed just as electrons in this context, 

so the movements inside a periodic structure can also be described using Bloch functions. The result 

are continuous functions 𝜔𝑛(�⃗� ) that depend on the wavevector  �⃗� . These functions are indexed with 

𝑛 = 1,2,3,… and they form discrete bands which constitute the photonic dispersion diagram (Figure 

2.3). The study of the dispersion diagram is complex, but the important point is that the design of the 

photonic crystal can create a range of frequencies that do not have an equivalent wavevector. This 

                                                        
1 This change can be done easily taking into account that 𝜖 = 𝑛2. 

Figure 2.2: Multiple reflections and transmissions inside a photonic crystal of two layers. 
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spectrum of frequencies is called the photonic bandgap and it corresponds to a range of energies for 

which there is no propagation inside the crystal (Joannopoulos & Johnson, 2003). 

The bandgap is the main reason for the windows that appears in the reflection spectrum. The 

wavelengths which have a reflection of 100% correspond to the cases where the incident wave have 

a frequency inside the bandgap. This means that for this wave, there is no propagation inside the 

crystal and all the light is reflected. The size of the bandgap (and therefore, the size of the windows) 

depends on the refractive indexes of the different materials ( 2.1), where 𝜔𝑜 = 2𝜋𝑐/𝜆𝑜. 

Δ𝜔

𝜔𝑜
=

4

𝜋
arcsin (

|𝑛𝑙 − 𝑛ℎ|

𝑛𝑙 + 𝑛ℎ
) ( 2.1) 

Even if there is no propagation inside the crystal, it does not mean that there is absolutely no 

penetration inside the sample. For a frequency inside the photonic bandgap, the corresponding 

wavevector is not real, but purely imaginary. This means that in the expression of the electric field, 

the propagation term disappears and is replaced by a decreasing exponential. This wave is called 

evanescence wave, and it just propagates a small distance inside the material before being completely 

attenuated. The traveled distance inside the media can be calculated with ( 2.2), where 𝛿 is called the 

skin depth distance. 

𝛿 =
1

𝑖𝑚𝑎𝑔(𝑘)
 ( 2.2) 

 

Figure 2.4 shows the reflectivity of a dielectric mirror where all their layers have the same optical 

thickness. In the sample with 𝑁 = 82, a wide range of 100% reflection can be appreciated (Bertilsson, 

2015). The different oscillations at both sides of the window are related with the sample period. They 

appear due to the constructive and destructive interferences between the reflected and refracted 

                                                        
2 N is the number of periods of the sample 

Figure 2.3 Example of a photonic band diagram for a 1D crystal. The diagram 
corresponds to a multilayer stack that has been constructed alternating layers of a 
media with 𝝐 = 𝟏𝟑  and thickness 𝒅 = 𝟎. 𝟐𝒂  and another media with 𝝐 = 𝟏  and 𝒅 =
𝟎. 𝟖𝒂 (Joannopoulos J. , Johnson, Winn, & Meade, 2008) 
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waves. The phase shift between the waves appears due to the change of media and due to the 

different traveled distance. When the phase between two waves is an even multiple of 𝜋,  the 

interference is constructive and when its an odd multiple, the interference is destructive. These two 

phenomena combined cause the interference and consequently, the oscillations in the reflection and 

transmission spectrum.  

Finally, it is interesting to study the relationship between the photonic bandgap and the energy of 

each band. It can be found that the low frequency bands concentrate their energy in regions where 

the dielectric constant is higher and the high frequency bands have most of its energy (not necessarily 

the majority) in regions with a low dielectric constant. In this case, the important modes are the ones 

that delimit the photonic bandgap. The low frequency mode corresponds to the one with 𝑛 = 1 and 

the high frequency one corresponds to 𝑛 = 2. In a photonic crystal like the one considered in Figure 

2.3, with two dielectric media with 𝜖ℎ = 13 and 𝜖𝑙 = 1, the energy from the band 𝑛 = 1 will be 

placed in the media with 𝜖ℎ = 13, and part of the energy from the band 𝑛 = 2 will be at the media 

𝜖𝑙 = 1. These two bands are called the air band (𝑛 = 2) and the dielectric band (𝑛 = 1). The origin of 

the photonic bandgap is the difference in the field localization, which is more pronounced the larger 

the difference between the dielectric constant of the media is. 

 

2.1.2. Two dimensional photonic crystals and plasmonic resonances 
Two dimensional structures are more complex and this allows a wider range of applications. The 

theory about 2D photonic crystals will be centered around the resonance. 

The most common way to achieve resonance with a 2D photonic crystal is to introduce a defect in the 

periodicity. For example, a common practice is using a 2D photonic crystal made of a periodic 

distribution of rods and removing some of these rods in a strategic way, creating defects inside the 

crystal. These defects act as a cavity and create modes with localized and enhanced electric field. 

However, even if it is the most common way to create resonances in 2D photonic crystals, it is not the 

only one.  

Figure 2.4: Representation of the reflectivity (in percentage) of a dielectric mirror where each 
layer has the same optical thickness. Three samples are represented, one with N=2, another with 
N=4 and the last one with N=8, where N is the number of periods. 
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If the periodic structure is made using a metal, a special type of resonance called surface plasmonic 

resonance (SPR) can appear. SPR can be observed in a particular type of elements called plasmonic 

materials (Yamamoto, 2008). These materials are metals which fulfill 𝑟𝑒𝑎𝑙(𝜖(𝜆)) < 0, like gold or 

silver. The physical explanation behind the resonance is related with the free electrons of a metal. Due 

to its high mobility inside the metal lattice, the electrons can be viewed as a “gas” called plasma, which 

is electrically charged. When light falls upon the surface of the metal, the photons of the 

electromagnetic wave can interact with the plasma and excite the electrons, making them oscillate at 

a higher frequency and creating a resonance. These plasma oscillations are what is called plasmons3.  

In order to obtain a plasmonic resonance, specific conditions have to be fulfilled. The first one is the 

frequency of the incident light, which has to coincide with the natural frequency of the electrons. In 

the second place, a method to couple the light into the plasmonic structure and to excite the plasmon 

has to be found. In most of the biomedical applications, a prism is used to increase the dielectric 

constant of the incident medium and achieve the excitation. However, an alternative method is using 

an irregular surface like the one in a 2D photonic crystal. The grating creates a coupling with the light, 

creating a mode that travels transversally and causing the excitation (Figure 2.5) 

 

2.2. ABSORPTION 
Light absorption is a basic optical process where part of the light incident onto a material is absorbed 

and converted into another type of energy. This phenomenon is explained with the discretization of 

electron energy levels and with the fact they need a concrete frequency in order to change the energy 

level, called natural frequency. When light with a frequency equal to the natural one fall upon the 

material, photons are absorbed by the atoms, changing the energy level of the electrons. Later, the 

electrons decay onto the initial level, releasing the same amount of energy previously absorbed 

(normally in the form of heat). Most materials have more than one natural frequency, so they will be 

able to absorb photons with various frequencies. The discrete energy levels increase with the number 

of electrons in the atom and become more complicated if there are interactions between particles. 

Figure 2.6 shows the energy bands of hydrogen, which is the simplest case.  

Absorption is not the only process that can occur when light goes through media: the electromagnetic 

wave can also be reflected or transmitted. The reflection and transmission depend on the incident 

light frequency and the material properties, especially the reflective index. In order to characterize 

the reflection, transmission and absorption of each material, adimensional coefficients are used 

                                                        
3 Plasmon refers to the quasi-particle that models the plasma oscillations, just as phonons model 
the vibrational waves. 

Figure 2.5: Representative scheme of the surface plasmonic resonance (Smith, Stenger, 
Kristensen, Mortensen, & Bozhevolnyi, 2015). 
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(Equation ( 2.3)). These coefficients are normally found experimentally, so measurable parameters 

have to be used in order to define them. 

𝑅 = |
𝐸𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑

𝐸𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
|
2

           𝑇 = |
𝐸𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑

𝐸𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
|
2

 ( 2.3) 

For the absorption, the coefficient can also be described, but the amount of field absorbed cannot be 

measured, so it is not practical to calculate it the way 𝑅 and 𝑇 are defined. Instead, ( 2.4) is normally 

used. The incident light intensity has to be either transmitted, reflected or absorbed, so if all the 

coefficients are summed, the result must be 1. 

𝐴 = 1 − 𝑅 − 𝑇 ( 2.4) 

Equation ( 2.4) will be the basic way to compute the absorbance of each experiment in this project.  

There are different ways to treat the absorption mathematically. Various parameters are used 

depending on the situation but in this work, the optical absorption coefficient 𝛼(𝜆) will be used. 

Mathematically, absorption is formalized using the complex part of the wavevector or the refractive 

index, while the real part is related with the propagation and phase velocity. The imaginary part of 𝑘 

is related to the optical absorption coefficient 𝛼(𝜆), with units 𝑚−1 , and it can be written as in 

equation ( 2.5), where 𝑛𝑖 is the imaginary part of the refractive index and 𝜆𝑜 is the wavelength of the 

electromagnetic wave in the vacuum. The coefficient 𝛼(𝜆) can also be used to define the skin depth, 

which is the distance that an electromagnetic wave can travel inside the media before losing 1/𝑒 of 

the initial intensity (Equation ( 2.6)).  

𝛼(𝜆) =
2𝜋𝑛𝑖

𝜆𝑜
 ( 2.5) 

Figure 2.6: Discrete energy bands of the Hydrogen, which is the simplest atom. Depending on 
which levels the electron jumps, different series are considered: Lyman series, Balmer series, 
Paschen series and more (Morrison, 2015). 
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𝛿 =
1

|𝛼(𝜆)|
 ( 2.6) 

The coefficient 𝛼(𝜆) is mostly used when the electric field inside the media is written. In Equation ( 

2.7) it can be appreciated that the absorption term that contains 𝛼(𝜆) is a decreasing exponential 

which attenuates the electric field.  

�⃗� (𝑟 , 𝑡) =
1

2
𝐸𝑜𝑒

𝑖�⃗� ⋅𝑟 −𝑖𝜔𝑡�̂� =
𝐸𝑜

2
𝑒−𝛼(𝜆)𝑟𝑒𝑖ℝ(�⃗� )⋅𝑟 −𝑖𝜔𝑡�̂� ( 2.7) 

The relationship between the absorption coefficient and the absorbed power also has to be explained. 

The best way to start is with the electromagnetic theorem of energy conservation, or Poynting 

theorem (Equation ( 2.8)) (Selvan, 2015).  

∮ 𝑆 ⋅ 𝑑𝑠 =
−1

2

𝜕

𝜕𝑡
∫(𝜖𝐸2 + 𝜇𝐻2)𝑑𝑣

 

𝑉

 

𝑆

− ∫𝜎𝐸2 ⋅ 𝑑𝑣
 

𝑉

 ( 2.8) 

Where 𝑆  is the Poynting vector, 𝜎  the conductivity and 𝐸  and 𝐻  the electric and magnetic field, 

respectively. The Poynting vector represents the power flow through a specific surface and it must 

compensate all the other terms, which represent different types of energy source inside the surface. 

The term 𝜎𝐸2 is for the power dissipated on the charges, the term 
1

2
𝜖𝐸2is the energy density of the 

electric field and its analogous 
1

2
𝜇𝐻2  is the energy density of the magnetic field. The interesting parts 

in this theorem are the terms ∝ 𝐸2  (the power transmitted to the charges and the electric field 

density term) because they are related with the frequency. 

The term 
1

2
𝜖𝐸2 has a temporal derivative. If it is considered that the electromagnetic fields can be 

written in a form of harmonic waves just as in ( 2.7), the temporal derivative will be the one showed 

in ( 2.9), which is proportional to 𝜔𝐸2. 

𝜕𝐸2

𝜕𝑡
= −2𝑖𝜔𝐸2 ( 2.9) 

The frequency from the charges power term comes from the conductivity. Dielectric conductivity can 

have many forms, but it can be written as equation ( 2.10), where 𝜖𝑟
′′ is the imaginary part of the 

dielectric constant (Tataroglu, 2003). 

𝜎 = 𝜔𝜖𝑜𝜖𝑟
′′ ( 2.10) 

With this, there are two terms in the Poynting theorem that are proportional to 𝜔𝐸2 . Using the 

frequency, the wavevector can be found and with the wavevector, 𝛼(𝜆). Joining all these results 

together in the Poynting theorem, it can be found that the electromagnetic energy is proportional to 

the optical absorption coefficient and the square of the electric field, which is, nonetheless, the 

intensity. These terms define the absorbed power (Equation ( 2.11)). 

𝑃𝑎𝑏𝑠𝑜𝑟 ∝ ∫𝛼(𝜆) ⋅ |𝐸|2𝑑𝑣
 

𝑉

= ∫𝛼(𝜆) ⋅ 𝐼 𝑑𝑣
 

𝑉

 ( 2.11) 

 

2.3. SECOND HARMONIC GENERATION 
Until now, the studied processes did not include nonlinear optics because the response of the media 

to the light was considered to be linear. This approximation is good when either the intensity of the 

incident light or the nonlinearity of the media are low. When light intensity overcomes a certain value, 
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the medium does not respond linearly anymore, and some nonlinear phenomenon start to appear. 

One of the most known nonlinear process is the second harmonic generation (SHG), where part of the 

electromagnetic radiation with frequency 𝜔  that propagates through a nonlinear medium gets 

converted into a wave of frequency 2𝜔 (Figure 2.7). This double frequency signal is produced by two 

photons from the incident wave, which interact with the nonlinear medium and are combined, 

generating a new photon with twice the energy. For this process to be efficient, the momentum 

conservation condition must be fulfilled (phase matching condition) (Equation ( 2.12)). The output 

wave is a combination of a wave of frequency 2𝜔 and another of frequency 𝜔. 

 

𝑘(2𝜔) = 2𝑘(𝜔) ( 2.12) 

In linear optics, the relation between the polarization and the electric field is proportional. However, 

this is just an approximation. In reality, the relation between these two magnitudes is much complex 

and is given by equation ( 2.13), where 𝑃𝑖(𝑟 , 𝑡) is the nonlinear polarization of each spatial component 

and 𝜒𝑖𝑗𝑘
(𝑛)

 is the electric susceptibly tensor of order n (Dood, 2006). 

𝑃𝑖(𝑟 , 𝑡) = 𝜖𝑜 ∫ 𝜒𝑖𝑗
(1)

(𝑟 , 𝑡 − 𝑡′)𝐸𝑗(𝑟 , 𝑡
′)𝑑𝑡′

𝑡

−∞

+ 

+𝜖𝑜 ∫ ∫ 𝜒𝑖𝑗𝑘
(2)

(𝑟 , 𝑡 − 𝑡1
′ , 𝑡 − 𝑡2

′ )𝐸𝑗(𝑟 , 𝑡1
′)𝐸𝑘(𝑟 , 𝑡2

′ )𝑑𝑡1
′𝑑𝑡2

′ + ⋯
𝑡2

−∞

𝑡1

−∞

 

( 2.13) 

The equation can be simplified if a homogeneous and non-dispersive media is considered (Equation ( 

2.14)). 

𝑃𝑖 = 𝜖𝑜𝜒𝑖𝑗
(1)

𝐸𝑗 + 𝜖𝑜𝜒𝑖𝑗𝑘
(2)

𝐸𝑗𝐸𝑘 + 𝜖𝑜𝜒𝑖𝑗𝑘𝑙
(3)

𝐸𝑗𝐸𝑘𝐸𝑙 + ⋯ ( 2.14) 

For the second harmonic process to occur, it is not enough to use a nonlinear crystal. The material has 

to have a nonvanishing second harmonic susceptibility 𝜒𝑖𝑗𝑘
(2)

≠ 0. Using the second order susceptibility 

and the harmonic form of the electric field, the second order polarization can be written according to 

( 2.15), where 𝐴𝑘  and 𝐴𝑗  are the complex amplitudes of the electric field with their complex 

counterpart 𝐴𝑘
∗  and 𝐴𝑗

∗ (Richmond, Robinson, & Shannon, 1988). 

𝑃𝑖
𝑁𝐿 = 𝜒𝑖𝑗𝑘

(2)
(𝐴𝑘𝐴𝑗𝑒

−𝑖2𝜔𝑡 + 𝐴𝑘
∗ 𝐴𝑗

∗𝑒𝑖2𝜔𝑡 + 𝐴𝑘𝐴𝑗
∗ + 𝐴𝑘

∗ 𝐴𝑗) ( 2.15) 

It is easy to observe that there are parts that radiate at a frequency 2𝜔 and some that radiate at zero 

frequency (DC field). The components with 𝑒±𝑖2𝜔𝑡 are the ones responsible for the emission of the 

second harmonic wave.  

Having 𝜒𝑖𝑗𝑘
(2)

≠ 0 is not he only requisite to have SHG. In the Taylor expansion from equation ( 2.14), 

all even parts must disappear, and this happens when the media has inversion symmetry. Adding these 

two conditions together, there are not many materials that fulfill them, so the number of materials 

Figure 2.7: Schematic representation of the second harmonic generation process. 
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that can produce efficient bulk SHG is quite low. However, this second harmonic generation process 

can be enhanced by using periodic structures or gratings which increase the field at the structure, 

mainly by creating a resonance inside the material. 

2.4. PROPERTIES OF GRAPHENE 
Graphene has been from some years, the wonder material. Its mechanical, electrical and optical 

properties exceed all the known records. An incredibly amount of papers have been published 

studying it and foretelling all the applications and changes that graphene is going to provide. In this 

section some of the properties are going to be revised in order to understand why it has been used in 

the samples. 

Graphene consists in a single atomic layer of graphite free enough of the lattice to be considered free-

standing. In other words, is a single layer of carbon atoms. Graphene is an artificial material because 

in nature, low-dimensional crystals (one and two dimensions) cannot exist. Crystals need really high 

temperatures to growth and this implies high thermal fluctuations, which cause instability in 1D and 

2D crystals. Free-standing graphene was against this prediction, but it is believed that its stability 

comes from the C-C bond between the atoms, which are small and strong enough to compensate the 

thermal fluctuations.  

All the lattices (the Bravais and the reciprocal) have the shape of a honeycomb crystal (Figure 2.8). 

The Bravais and the reciprocal lattice can be viewed as a triangular lattice with a basis of two atoms 

per unit cell, with 𝑎1 and  𝑎2 as the Bravais lattice vectors ( 2.16) and  𝑏1and  𝑏2 as the reciprocal 

lattice vectors ( 2.17). 

𝑎1 =
𝑎

2
(3,√3)       𝑎2 =

𝑎

2
(3,−√3) ( 2.16) 

 

𝑏1 =
2𝜋

3𝑎
(1,√3)       𝑏2 =

2𝜋

3𝑎
(1,−√3) ( 2.17) 

The parameter a is the C-C spacing, with a value of about 𝑎 ≈ 0.142𝑛𝑚 . 

The first Brillouin zone is also a honeycomb lattice but is rotated an angle of 𝜋 2⁄   with respect to the 

real lattice (Figure 2.9). The corners of the Brillouin lattice are called the Dirac points and are formed 

by two sets of inequivalent points, named K and K’. These points are where the valence and conductive 

bands of graphene meet each other. 

 

Figure 2.9 First Brillouin zone of graphene 
(Kavitha & Jaiswal, 2016). 

Figure 2.8: Bravais lattice of graphene 
(Kavitha & Jaiswal, 2016). 
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The artificial creation of 2D crystals even if it is not impossible, is the main problem in the 

implementation of graphene (Papageorgiou, Kinloch, & Young, 2017). The simplest way to obtain it is 

to mechanically split graphite into individual atomic planes, taking advantage of the fact that it is a 

strongly layered material. This process provides layers of high structural and electronic quality 

reaching sizes of 2mm. The problem is that is a very delicate and time consuming technique, so it is 

inadequate for industrial processes. However, it is the main technique used for research and proof-

of-concept devices because it is the method that provides graphene of the highest quality and the 

quantity needed in these cases is not a lot. 

A more industrial way to obtain graphene is automatize the split of graphite using ultrasonic cleavage. 

This method provides stable suspensions of nanometric graphene crystallites, which then are used to 

form poly-crystalline films and composite materials. 

Another route is starting directly with graphite layers grown on top of other crystals. The epitaxial 

layers remain bound to the substrate and the fluctuations that cause the bonds to break are 

suppressed. When the system is cooled down, the substrate can be chemically removed using etching. 

Even if these are the most important methods, new and better ways of creating graphene are being 

conceived due to its high demand for research and industry. 

 

2.4.1. Optical and electrical properties 
Graphene is a zero-gap semiconductor with a sp2 hybridization forming a trigonal planar structure, 

meaning that each atom has a free electron that allows the electrical conduction. These free electrons 

have an outstanding electrical mobility, but they also contribute to strengthen the carbon bonds 

overlapping the p orbital with the orbitals that form the C-C bond. 

Carbon is one of the best examples to prove how much the structure of a material affects its 

properties. For example, diamond is also composed exclusively by carbon, just as graphene and 

graphite. However, it has all the orbitals focused in C-C bonds, meaning that its hybridization is sp3 

instead of sp2. This simple difference is the main responsible for the properties difference between 

the two materials. The most immediate one is the toughness. While diamond is the toughest 

discovered material, graphite is used to write using the fact is scattered easily. Another one is the 

conductivity. Diamond does not conduct electricity because it does not have any free electrons, but 

graphite and graphene outstand for their electrical conductivity.  
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Even if discovering a new semi-conducting material is no big news, graphene brings this property into 

another level. It has been proved that both the electrons and the holes that travel through the 

honeycomb lattice have zero effective mass. This effect is a direct consequence of the exceptional 

band structure of graphene because the energy is linear near the Dirac points (Figure 2.10). This 

implies that the carriers in graphene behave like Dirac fermions but instead of travelling at the speed 

of light, they travel at a speed 𝑣𝑓 = 106  𝑚 𝑠⁄ , which is 300 times smaller than c. 

Absorption is also linked with the behavior of the bands near the Dirac points. Graphene has a large 

range of wavelengths for which it absorbs light. In the near infrared and visible range, the absorbance 

is modeled by inter-band transitions and described by the fine-structure constant. For higher 

wavelengths in the far infrared region, direct photon absorption it is not possible due to the 

momentum mismatch. 

For graphene, absorption in the visible and near infrared spectral region is quite small. However, it 

must be considered that the absorbance is small because graphene is just a single atomic layer. If this 

thickness is taken into account, the absorbance is quite large. Using the fact that graphene carriers 

behave like Dirac fermions, the value of the absorbance for a single layer of graphene is given by the 

fine-structure constant ( 2.18). 

𝛼𝑠 =
𝑒2

4𝜋𝜖0 ⋅ ℏ𝑐
 ( 2.18) 

Where 𝑒  is the elemental charge, ℏ = ℎ/2𝜋  the reduced Planck constant, 𝑐  the speed of light in 

vacuum and 𝜖0 the vacuum permeability. With this, the percentage of energy absorbed can be found 

just multiplying the fine-structure constant by 𝜋 ( 2.19). 

𝑊𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑

𝑊𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
⋅ 100 = 𝜋𝛼𝑆 ⋅ 100 = 2.29% ( 2.19) 

As can be observed, the absorbance is independent of the incident frequency and the material 

parameters, at least in the visible and near infrared range. This frequency independence is a direct 

consequence of the lack of discrete energy band levels like most materials. It is also found that this 

absorption can increase adding more layers of graphene, in such way that every layer contributes 

absorbing 2.29 % of the incident light. This value of 2.29% of absorbance is one of the objectives of 

this project, because it is the absorbance percentage that it is trying to be measured.  

Figure 2.10 Electronic dispersion of the graphene lattice. The upper band is the conduction one and 
the lower the valence band. The graph is zoomed down in the Dirac point, where the energy is lineal 
(Neto, Guinea, Peres, Novoselov, & Geim, 2009). 
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Another optical property of graphene is photoluminescence.  This phenomenon has been observed in 

pristine graphene4 which can emit light when it is excited by electromagnetic radiation in the range of 

near-infrared (region from 1.7eV to 3.5eV). Graphene itself cannot produce photoluminescence by 

the usual method because it cannot have relaxed states dues to its zero bandgap. Instead, in graphene 

this mechanism is based in thermal emission. The photons from the laser collide with the graphene 

sheet and produce femtosecond excitation to the carriers, making them reach temperatures above 

3000K. This high temperature is the responsible for the visible light emission. 

To achieve photoluminescence by the normal method, a chemical procedure can be followed. The 

bandgap of graphene has to be opened through either functionalization or cutting it in smaller sheets, 

forming sp2 quantum confined zones with structural defects. With the bandgap opened, relaxed states 

appear, and conventional photoluminescence can occur. 

2.4.2. Mechanical properties 
As in the electrical properties, most of the outstanding mechanical properties are a consequence of 

really strong and stable sp2 hybridization. The planar structure forms a strong 𝜎 bond between carbon 

atoms and the unaffected p orbital forms a half filled 𝜋 bond. This structure creates a strong bond 

between carbon atoms that counteract the plane deformations 

Stiffness is one of the most outstanding mechanical properties of graphene, which is usually quantified 

using Young's modulus 𝐸. Young's modulus describes the elastic properties of a material that is subject 

under tension or compression in one dimension. It can also be interpreted as the material’s ability to 

return to its original length when a force has been applied. Young's modulus is defined as the quotient 

between the stress and the strain in the linear regime ( 2.20). For the single layer of graphene, Young's 

modulus has a value of 𝐸 = 1000 𝐺𝑃𝑎. To compare this number, it can be considered that aluminum 

has a modulus of 𝐸 = 69 𝐺𝑃𝑎 (Roylance, 2001). In other words, it is needed more than ten times 

much force to stretch graphene than aluminum. 

𝐸 =
𝜎

𝜖
 ( 2.20) 

Young's modulus is not the only way to quantify the strength of a material. An alternative is using the 

ultimate tensile strength 𝐹𝑡𝑢. Whereas Young's module characterizes the material behavior in the 

linear regime, the tensile strength is the maximum stress that a material can withstand before 

breaking. For the graphene case, its value is 𝐹𝑡𝑢 = 130 𝐺𝑃𝑎 and it is one of the highest found values. 

As comparison, the spider silk, which is known to be one of the strongest materials, has just a tensile 

strength of 𝐹𝑡𝑢 = 1 𝐺𝑃𝑎. 

Even if it is not one of the most outstanding properties, graphene toughness also has to be considered. 

Whereas a material strength quantifies the material resistance to deformation, toughness represents 

its resistance to fracture. The fracture toughness is one of the most important mechanical properties 

of a material and is normally evaluated using the critical stress-intensity factor 𝐾𝐼𝑐 . This factor 

quantifies how much stress intensity the material can withstand when it is stressed up with a crack 

tip. The higher the value of 𝐾𝐼𝑐 the higher the fracture resistance of the material. The value of critical 

stress-intensity factor for graphene is 𝐾𝐼𝑐 = 4 𝑀𝑃𝑎 𝑚1/2, compared with the aluminum which has a 

value of 𝐾𝐼𝑐 = 24 𝑀𝑃𝑎 𝑚1/2  

Finally, another property worth mentioning is the density of graphene. It is a really light material, with 

a density of  𝜌 = 0.77 𝑚𝑔/𝑚2, which is 1000 lighter than normal paper (Radadiya, 2015). 

 

                                                        
4 Ideal graphene without any impurities nor defects. 



 

 

3. OBJECTIVES AND EXPERIMENTAL 
CONFIGURATIONS 

 

The central goal of this project is to conduct experimental studies in nanostructured photonic 
materials, more precisely, the measurement properties such as reflection, transmission and 

absorption (using equation ( 2.4)). The first important objective will be the study of the possibility to 
enhance the linear absorption of 1D periodic structures including graphene layers. The second 
relevant propose is the study of second harmonic generation in gold nano-gratings. In order to achieve 
the objectives, two main study blocks are presented. 

A. Enhancement of absorption in 1D periodic samples with graphene. 

In the first block, the main point is trying to increase the absorption of a sample using the combination 

of two elements: graphene and a specially designed 1D photonic crystal. The basic reasoning behind 

this approach is based in equation ( 2.11). This equation shows that in order to enhance the total power 

absorbed, two different directions can be taken: increase the absorption coefficient 𝛼(𝜆) or/and 

increase the electric field. The graphene controls 𝛼(𝜆) and the photonic structure controls the electric 

field. 

As it has been explained in section 2.4.1, graphene has a constant absorption of ~2.3% for all the 

range of visible and near infrared light. This percentage will not be modified because it is an intrinsic 

property of graphene itself. The fact that it is a high percentage for just a monolayer of atoms makes 

it attractive for several potential applications. This value can be increased by adding more graphene 

layers and is quite constant for a big range of wavelengths.  

The option explored in this project it to use a photonic crystal structure, specially designed to increase 

the electric field at a concrete position, where the graphene layer will be deposited. Thanks to the 

choice of materials and parameters of the structure, the photonic crystal has a maximum of the 

electric field in the exact position where the graphene is placed. The samples were designed especially 

to have a maximum for an incident wavelength of 𝜆 = 1064𝑛𝑚.  

The idea of this study is similar to the work Microcavity-Integrated Graphene Photodetector (Furchi, 

et al., 2012), where graphene and one dimensional photonic crystal are also used, but the graphene 

is placed inside the sample, not on top of it. 

B. Experimental study of harmonic generation in photonic periodic nanostructures in gold gratings.  

The second part of this project studies nonlinear effects, in particular the second harmonic generation. 

Hence, it is focused in the term 𝜖𝑜𝜒𝑖𝑗𝑘
(2)

𝐸𝑗
 𝐸𝑘 from equation ( 2.14). The enhancement of the effect can 

be achieved increasing the value of 𝜒𝑖𝑗𝑘
(2)

 and/or the value of the electric field. In this case, the increase 

of the effect is obtained using the design of the samples alone, which are 2D photonic crystals. The 

gold and the periodicity in two dimensions give rise to the appearance of resonances (SPR) which 

enhance the fields and consequently, the generated second harmonic. The particular configuration of 

the grating provides a resonance at 𝜆 = 800𝑛𝑚, increasing the electric field. In this experiment, the 

main difficulty is the detection of very weak signals generated with efficiencies (ISH/IFF) of the order of 

10−9. 

Even if the main interest spins around the detection of SHG, the measurements in the linear regime 

also hold some interest, because the resonance of the crystal can be observed if the transmission or 

reflection of the sample is measured as a function of the wavelength.  

Different measurements with changing parameters have been done with all the available samples and 

they have been studied using different light sources: 
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• White light from a halogen lamp. 

• Picosecond Fiber Laser (FYLA) (𝜆 = 1064𝑛𝑚). 

• Femtosecond Ti:Sapphire laser with Supercontinuum Generation Fiber (Coherent). 

• CW solid state Green laser (𝜆 = 533𝑛𝑚). 

• He-Ne Red laser (𝜆 = 628𝑛𝑚) 

There are two different scenarios that are interesting to study. In the first place, the broadband white 

light and the supercontinuum laser are used to study the dependence with the wavelength and try to 

observe if some resonance can be appreciated. The three other lasers have a fixed wavelength, two 

in the visible range and one in the infrared. In these cases, the parameter to study is the incident 

angle. Even if the angle dependence is going to be studied further with the red, green and infrared 

lasers, in the first cases the behavior with the angle will be also analyzed. 

In the different experiments the dependence with other parameters is also studied, for example the 

polarization. Depending on the setup, vertical, horizontal, TM or TE polarization can be chosen. 

Since the experimental setups are constructed using different sources, the main characteristics of 

each setup will be outlined before entering into the discussion of the particular results of each 

objective. 

 

3.1. SETUP FOR DIFFERENT EXPERIMENTS 
Depending on the type of light source used and the characteristics of the measurements, the setup 

configurations may differ. The main reasons are, in the first place, the different types of measurement 

that are going to take place. It is not the same to study the dependence of the absorbance in terms of 

the incident angle or in terms of the wavelength. The second main reason is the position of the lasers. 

Nearly all the lasers are big fixed machines with all the optical auxiliary devices perfectly aligned and 

oriented. For this reason, the position of the sample and the different lenses or equipment changes a 

bit from experiment to experiment. 

3.1.1. White light setup 
The setup for the measurement with white light is the smallest one and is settled up in a small optical 

bench. It consists in a white light source, a diaphragm, two optical objectives, a polarizer, a half 

wavelength plate, a rotational platform and finally the spectrometer (Figure 3.1). The white light is 

provided by an OSL1-EC fiber illuminator from ThorLabs and the spectrometer is from AvaSpec-2048 

that measures from 300nm until 1100nm.  

This setup has been used to measure the transmission and reflection of the graphene samples from 

400nm until 800nm with horizontal and vertical polarization, which could be changed thanks to the 

half wavelength plate. The measurements were not made at normal incidence because in this case, 

the reflection could not be obtained. Instead, they were made with the minimum possible angle that 

Figure 3.1: Scheme of the measurement with white light. The linear polarizer and the half 
wavelength plate are used to polarize and change the direction of the polarization of the incident 
beam. The objective lens and the diaphragm are used to focalize and collimate the light. 
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would allow the measure of the reflection. Even if in Figure 3.1 the spectrometer is placed measuring 

the transmission, it could be moved to other places in order to measure the reflection. 

3.1.2. Supercontinuum laser setup 
The following scheme was used for the measurement with the Femtosecond Ti:Sapphire laser with 

Supercontinuum Generation Fiber that is owned by the Laboratori d’òptica no Lineal i Làsers “Ramon 

Vilaseca”. This setup is one of the more complex because several devices are needed in order to obtain 

the desired beam. It has to be mentioned that this scheme just shows the part of the setup that is 

needed for these measurements. Once the light of the supercontinuum goes out the laser, it passes 

through a complex optical system permanently installed that focalizes and collimates the light. 

This particular setup is formed by three optical objectives, a lens, two mirrors, an intensity filter, a half 

wavelength plate, a spectrometer, a platform that allows longitudinal and rotational mobility, a CCD 

camera (it is not needed in all the measurements) and a white light source (Figure 3.2).The white light 

source is the same used for the measurements with white light, a OSL1-EC fiber illuminator from 

ThorLabs and the  camera is an OptoSigma LAHU-45-POS177. Two types of spectrometers where used. 

The first one was the same employed in the measurements of the white light AvaSpec-2048 and the 

second one is a SR 303I-A from Andor Technology with a camera DV42CA-OE also from Andor 

Technology with more resolution and reduced SNR due to the possibility to cool down the CCD camera. 

This setup was used both in the graphene and gold grating samples. The supercontinuum laser was 

used to obtain the reflection and transmission curves of the gold grating. It was measured from 650nm 

until 800nm for different angles and with the two possible polarizations. In the case of the graphene 

samples, the angle dependence was not so relevant, and the measurements were more orientated to 

obtain the absorption. With the two different spectrometers the measure of the reflection and 

transmission of graphene was measured from 400nm until 1000nm.  

The use of the CCD camera and imaging system with x70 magnification shown in Figure 3.2 was 

especially used for the gold grating samples. The size of the gratings (~100𝜇𝑚) was so small that this 

imaging system was needed to guarantee that the laser light went through the sample. 

Figure 3.2: Scheme of the measurement with the supercontinuum laser. The lens and the objectives 
are used to focalize and collimate the beam. The half wavelength plate allows to change the direction 
of the polarization and the intensity filter to control the amount of power that arrives at the sample. 
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3.1.3. Green and red laser setup 
The measurements with the CW solid state Green laser (LDC-2500S Photop with a wavelength of 

532nm) and the He-Ne Red laser (as well as the infrared light) have the main objective to measure the 

reflection and transmission for different angles, because the wavelength is fixed with the laser. 

The green laser setup is formed by a polarizer, two diaphragms, a half wavelength plate, three mirrors, 

an intensity filter, a chopper and three detectors (Figure 3.4). Different combinations of detectors 

were used in this setup. If simultaneous measurements of the reflection, transmission and reference 

where needed, three different photodiodes Det 36 A/M, Si Biased (350-1100nm) where used. The 

chopper was necessary in order to create a square signal, allowing the measurement using an 

oscilloscope. The other detector used was a S120VC (200-1100nm) from ThorLabs. This detector has 

its own display unit, so neither the oscilloscope nor the chopper was needed.  

In the other hand, the red laser setup is quite similar to the green one but a bit more simplified. It is 

constituted by a lens, two mirrors, a diaphragm, an intensity filter, a half wavelength plate and the 

detector (Figure 3.3). The spectrometer used is the S120VC (200-1100nm) from ThorLabs and the 

laser is a 25-LHP-928-249 from Melles Griot, with a wavelength of 628nm. The spectrometer was also 

used for the measurement of the green laser but as there is just one spectrometer of this type, the 

reflection and transmission had to be measured separately and the reference could not be taken. 

Figure 3.3: Scheme of the measurement with the red laser. The lens is used to focalize the beam. 
The half wavelength plate to rotate the polarization and the intensity filter to control the 
amount of intensity needed. 
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Study the angle dependence with the gold grating was not interesting, so this setup was just used for 

the graphene samples. The value of the reflection and transmission where measured for angles from 

5o until 80o. However, as will be explained in the results, the obtained data did not provide too much 

information. 

3.1.4. Fiber laser setup 
The infrared laser measurement was made with the objective to measure the absorbance of the 

graphene layer in the resonance wavelength of the sample, so neither the wavelength nor the angle 

dependence where important. 

The setup is formed by a polarizer, a half wavelength plate, a filter, a diaphragm and the detector 

(Figure 3.5). The rotational platform was installed in order to measure the transmission in normal 

incidence and then, be able to measure the transmission and reflection for the same small angle.  

The Picosecond Fiber Laser emits at a wavelength of 1064nm and the detector is a S302C from 

ThorLabs. This detector is a bit different from the other ones because is a thermal one. Even if it is 

able to detect the infrared light, the measurements were quite slow because the detector had to reach 

the desired temperature. 

Figure 3.4: Scheme of the measurement with the green laser. The linear polarizer is used to 
polarize the incident light and the half wavelength plate to rotate it. The diaphragms are used to 
decrease a bit the diameter of the beam. 

Figure 3.5: Scheme of the measurement with infrared light. The linear polarizer is used to polarize 
the light and the half wavelength plate to rotate the polarization. 
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3.1.5. Second harmonic generation setup 
The last setup is only used to measure the second harmonic signal, so it is going to be a bit different 

from the others. The used laser is the Femtosecond Ti:Sapphire laser with Supercontinuum Generation 

Fiber, the same one used in the setup from Figure 3.2. The measurement requires several optical 

devices: three lenses of 10000𝑚𝑚, 400𝑚𝑚 and 100𝑚𝑚 of focal distance, a second harmonic filter, 

several mirrors, a fundamental harmonic filter, a high reflectivity mirror (HR mirror), a second 

harmonic polarizer, a prism, a blocking edge and finally, a photomultiplier (Figure 3.6). As well as the 

elements mentioned, the signal is recorded using an oscilloscope, so a chopper is needed in order to 

generate a square signal and obtain the data. 

The laser can operate at different wavelengths but for this setup, it was emitting at 𝜆 = 800𝑛𝑚.  Noise 

has to be reduced so, for this reason, the whole setup is placed inside black sheets of cardboard, 

forming a closed box. The cardboard reduces considerably the noise and protects the photomultiplier 

from an excess of light. Even like this, the measurements must be done with the lights of the room 

switch off. 

 

 

Figure 3.6: Scheme of the setup for the second harmonic signal measurement. The prism and the 
high reflectivity mirror (HR mirror) are used to separate the second harmonic signal and the 
fundamental (FF), the half wavelength plate is used to control the initial polarization and the 
photomultiplier is the responsible to increase and detect the signal. 

 Sample 



 

4. RESULTS AND SIMULATIONS  
 

4.1. ABSORPTION ENHANCEMENT WITH GRAPHENE 
 

4.1.1. Description of the photonic crystal sample with graphene 
To conduct these experiments, two different periodic samples were fabricated by Aegis Technologies 

Group (USA) and the graphene layers grown at Prof. Marco Grande laboratories (Bari University): the 

first one contains a part without graphene and a part with one layer of graphene (90A) while the 

second one contains a part with one layer of graphene and a part with two layers of graphene (90B) 

(Figure 4.1). All the samples have a bulk structure made of tree periodic layers of silver (Ag) and 

tantalum pentoxide (Ta2O5) on top of a substrate made of silicon dioxide (SiO2) (Figure 4.2). Without 

taking into account the layer of graphene, the multilayer stack is a typical example of a 1D photonic 

crystal. 

The structure is designed specially to obtain a maximum intensity at the position of the graphene for 

𝜆 = 1064𝑛𝑚, achieving maximum absorbance at this concrete wavelength. In Table 1 the different 

parameters of the materials are gathered. The materials of the samples have absorption which is 

directly related with the complex part of the refractive index, as explained in 2.2. For this reason, the 

considered indexes are complex. 

 

Figure 4.2 Schematic structure of graphene samples. The studied samples are the same, 
but with three periods instead of the four shown in the figure. 

Figure 4.1 Samples 90B (up) and 90A (down). In each sample there are two small red spots. 
These small marks allow to identify which side of the sample has the graphene. In the case 
of the 90A sample, they mark the side of the single layer of graphene and in the case of the 
sample 90B, they mark the position of the double layer of graphene. 

0L 
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Magnitudes (at 𝝀 = 𝟏𝟎𝟔𝟒𝒏𝒎) Refractive Index Thickness 

Silver layers 0.04+7.6097i 15 nm 

Tantalum pentoxide layers 2.076+0.00178i 90 nm 

Graphene layer 2+2i 0.35 nm 

Table 1: Refraction indexes and thickness of the graphene samples 

 

This sample is partially transparent in the studied range, so transmission and reflection can be 

measured. With these two parameters, the absorption can be easily calculated 𝐴 = 1 − 𝑅 − 𝑇. 

 

4.1.2. Simulations 
In parallel with the experimental measurements, numerical simulations of the whole graphene sample 

were made in order to show the idea of the experiment and to check if the obtained results are valid. 

The simulations have been made programming a Matlab code and using a commercial program: 

TFCalc. Matlab simulations were the more complex ones because it required a previous theorical 

knowledge of how the different magnitudes needed to be calculated and they had to be programed 

from zero. TFCalc, in the other side, is a developed program that allows simulating different 1D 

photonic crystals to obtain the reflection, transmission and electric field intensity (EFI) among many 

other things. For this reason, the Matlab simulation will contain the explanation of how it was 

calculated. 

4.1.2.1. EFI and wavelength dependence with TFCalc  
As mentioned before, these simulations are made with the TFCalc. With this program, the electric field 

intensity (EFI) inside the periodic 1D photonic crystal with graphene has been computed, as well as 

the reflection, transmission and absorbance in terms of the wavelength for samples with five, two, 

one and zero layers of graphene. 

Figure 4.3: Representation of the electric field intensity inside the 1D photonic crystal. The 
simulation is for a wavelength of 1064nm. The sample starts at the discontinuous blue line, 
the black lines mark the tantalum pentoxide and the red ones the silver layers. 
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Figure 4.3 shows the intensity of the electric field inside the photonic crystal for 𝜆 = 1064𝑛𝑚. The 

design of the sample has been chosen specially to obtain the maximum absorption in the graphene 

layer, placed at d=0. As can be observed, in this exact position the intensity of the electric field is 

maximum. This increases the quantity of energy absorbed because it is proportional to the electric 

intensity, as explained in the beginning of the Section 3. 

Figure 4.5: Reflection simulation versus the wavelength. Four different plots are 
represented: the sample with five layers of graphene, with two, one and zero layers. 

Figure 4.4:Transmission simulation versus the wavelength. Four different plots are 
represented: the sample with five layers of graphene, with two, one and zero layers. 



 

 30 

In the other side, inside the sample the intensity decreases. This is due to the imaginary part of the 

wavevector, which is directly related to the absorption, as it is explained in Section 2.2. Even if the 

periodic part of the graphene sample is like a one dimensional photonic crystal and it is supposed to 

be loss-less, all the materials have some absorption. More precisely, silver layers have a high imaginary 

index of refraction, but the material has been chosen prioritizing other properties. 

With the program the theoretical transmission (Figure 4.4), reflection (Figure 4.5) and absorption 

(Figure 4.6) in terms of the wavelength has also been computed. The graphs not only give information 

about how the coefficient varies with the wavelength, they also can give information about the 

structure of the sample. More precisely, the number of peaks that appear in the figures is related with 

the number of periods of the sample.  

Another important point to comment is the absorbance graph itself. The absorbance is computed as 

𝐴 = 1 − 𝑇 − 𝑅 , so it depends directly on the values of the reflection and the transmission. For 

wavelengths from 400nm until about 800nm, the variations in the absorption of the sample with or 

without graphene are quite small and the different graphs are even difficult to distinguish. However, 

for wavelengths above 800nm, the absorbance for the samples with graphene start to increase 

depending on the number of layers that they have. This increase in the absorbance is due to the 

structure design. For wavelengths near 1064nm, the electric field in the graphene is much larger than 

for other wavelengths (Figure 4.3) and the total graphene absorption of the structure increases with 

the number of graphene layers.  

 

Figure 4.6: Absorption simulation versus the wavelength. Four different plots are 
represented: the sample with five layers of graphene, with two, one and zero layers. 
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4.1.2.2. Wavelength simulation with Matlab 
This section shows the simulations performed to calculate the dependence of the reflection, 

transmission and absorption depending on the wavelength for the samples with graphene. The 

obtained results should be directly comparable to those obtained in Figure 4.4, Figure 4.5 and Figure 

4.6, considering that the objective is the same, just using different methods. The simulation requires 

some theoretical background about the calculations of fields inside periodic structures. 

Before starting with the development, the polarization of the field has to be decided, because the 

equations change depending on which one is used. In this case, the chosen polarization is TM because 

it is easier to perform all the calculations. Even if the equations differ a bit from TE and TM, in the end 

it does not have a lot of importance because the representation will be done with normal incidence, 

and for this angle, the polarizations are the same.  

The first main objective is to find some relation between the electric field at two adjacent layers. Even 

if the problem involves several layers and change of media, the starting point must be the application 

of boundary conditions in a situation similar to Figure 4.7. In these cases, the boundary conditions 

force the tangential5 component of both magnetic and electric field of both sides of the interface to 

be equal. Then, by simply applying the fact that �⃗� = 𝑛 ⋅ �⃗�  in homogenous media, ( 4.1) can be 

obtained. 

𝐸ℎ
+(𝑧, 𝑛) + 𝐸ℎ

−(𝑧, 𝑛) = 𝐸𝑙
+(𝑧, 𝑛) + 𝐸𝑙

−(𝑧, 𝑛) 

𝑛ℎ(𝐸ℎ
+(𝑧, 𝑛) − 𝐸ℎ

−(𝑧, 𝑛)) = 𝑛𝑙(𝐸𝑙
+(𝑧, 𝑛) − 𝐸𝑙

−(𝑧, 𝑛)) 
( 4.1) 

The sub index h and l refer to the value of the reflective index for each layer. The h layer refers to the 

one with the high real reflective index, and the l for the layer with the low real reflective index. This 

                                                        
5 In order to simplify, the notation indicating the tangential component will be omitted and the fields will 
be written in the form of ( 4.3) because for this development it is the only component that is going to be 
of use. 
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Figure 4.7: Representative scheme of the electromagnetic fields in a 
change of media. 
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nomenclature is just illustrative because the procedure to pass from a high reflective index media to 

a low one is the same.  

Reached this point, the only part left is to find the exact relationship between the �⃗� ℎ vector and the 

�⃗� 𝑙 one. The best way to approach this kind of problems is with the transfer matrix formalism. In other 

words, the relation between the two fields have to written in the form of ( 4.2), where �⃗⃗� 
⃗⃗ 

𝑖 is the matrix 

connecting the vectors �⃗� ℎ(𝑧, 𝑛) = (𝐸ℎ
+(𝑧, 𝑛), 𝐸ℎ

−(𝑧, 𝑛)) and �⃗� 𝑙(𝑧, 𝑛) = (𝐸𝑙
+(𝑧, 𝑛), 𝐸𝑙

−(𝑧, 𝑛)). 

�⃗⃗� 
⃗⃗ 

ℎ ⋅ �⃗� ℎ(𝑧, 𝑛) = �⃗⃗� 𝑙
⃗⃗ ⃗⃗  

⋅ �⃗� 𝑙(𝑧, 𝑛)  

�⃗� ℎ(𝑧, 𝑛) = (�⃗⃗� 
⃗⃗ 

ℎ)
−1

⋅ �⃗⃗� 
⃗⃗ 

𝑙 ⋅ �⃗� 𝑙(𝑧, 𝑛) = �⃗⃗� 
⃗⃗ 

⋅ �⃗� 𝑙(𝑧, 𝑛) 

( 4.2) 

Where �⃗⃗� 
⃗⃗ 

 is called the transfer matrix. In order to find the matrix, the complete form of the fields has 

to be used ( 4.3). 

𝐸𝑖
+(𝑧, 𝑛) = 𝐸𝑖

+(𝑛) ⋅ exp(𝑖𝑘𝑖𝑧) 

𝐸𝑖
−(𝑧, 𝑛) = 𝐸𝑖

−(𝑛) ⋅ exp(−𝑖𝑘𝑖𝑧) 
( 4.3) 

Where i can be either ℎ  or 𝑙 ; 𝐸𝑖
+(𝑛) and 𝐸𝑖

−(𝑛) are the amplitudes of the electric field, 𝑘𝑖  is the 

tangential component of the wavevector in each medium and 𝑧 is the position inside the sample. It is 

interesting to mention that the amplitude and the wavevector can take complex values. The complex 

part of the wavevector is directly related with the absorbance of the media and it is going to be an 

important part that cannot be omitted.  

Finally, replacing the fields of ( 4.3) in the equations ( 4.1), the final relation between the field can be 

found (Equations ( 4.4) and ( 4.5)). For the Matlab program it will be enough with these two matrices, 

but if the calculation would be done by hand, �⃗⃗� 
⃗⃗ 

ℎ  should be inverted and isolated to find the field in 

the layer h.  

�⃗⃗� 
⃗⃗ 

ℎ = (
cos(θh) exp(𝑖𝑘ℎ(𝑙ℎ + 𝑧𝑖𝑛𝑡)) cos(θh) exp (−𝑖𝑘ℎ(𝑙ℎ + 𝑧𝑖𝑛𝑡))

𝑘ℎ exp(𝑖𝑘ℎ(𝑙ℎ + 𝑧𝑖𝑛𝑡)) −𝑘ℎ exp(−𝑖𝑘ℎ(𝑙ℎ + 𝑧𝑖𝑛𝑡))
) ( 4.4) 

 

�⃗⃗� 
⃗⃗ 

𝑙 = (
cos(𝜃𝑙) exp(𝑖𝑘𝑙(𝑙ℎ + 𝑧𝑖𝑛𝑡)) co s(𝜃𝑙) exp(−𝑖𝑘𝑙(𝑙ℎ + 𝑧𝑖𝑛𝑡))

𝑘𝑙  exp(𝑖𝑘𝑙(𝑙ℎ + 𝑧𝑖𝑛𝑡)) −𝑘𝑙 exp(−𝑖𝑘𝑙(𝑙ℎ + 𝑧𝑖𝑛𝑡))
) ( 4.5) 

 

𝑧𝑖𝑛𝑡 is the position of the interface and 𝑙ℎ the thickness of the layer h. This value appears because in 

the two matrices the propagation through the layer is also considered and it adds a phase. In other 

words, these two matrices provide the relation between the fields at 𝑧 = 0 and 𝑧 = 𝑧𝑖𝑛𝑡 + 𝛿𝑧.  

The next step would be to add another interface into the scheme of Figure 4.7, more precisely, a h 

layer next to the l layer. There is no difference between the interfaces of the layers, the only thing that 

change is the value of the indices. In other words, the change of media from a l layer to a h layer is 

done equal to the previous one, just isolating �⃗� 𝑙 instead of the �⃗� ℎ field and changing 𝑙ℎ to 𝑙𝑙 in ( 4.2). 

The field just after the second interface will be the resultant of a propagation though a h layer, a high-

low medium change, another propagation but through a l layer and a low-high medium change. In 

other words, the electric field can be found multiplying the transfer matrix of a high-low media change 

by the translational matrix of a low-high media change ( 4.6). 
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�⃗� ℎ(𝑎𝑡 𝑧 = 𝑙ℎ + 𝑙𝑙) = �⃗⃗� 
⃗⃗ 

𝑙→ℎ ⋅ �⃗⃗� 
⃗⃗ 

ℎ→𝑙 ⋅ �⃗� ℎ(𝑎𝑡𝑧 = 0) ( 4.6) 

At this point, it is easy to know how to proceed to calculate the field outside N layers. The solution is 

keep multiplying the transfer matrices of each layer and interface for as many layers as there are. 

The only missing thing are the matrices that change from air to the first layer and from the last layer 

to air (or substrate). The air-layer matrix (𝐴𝑀⃗⃗⃗⃗ ⃗⃗  ⃗⃗ ⃗⃗ ⃗⃗  
) can be obtained directly form �⃗⃗� 

⃗⃗ 
𝑖 taking out the 

propagation part (𝑙𝑖), replacing  𝑧 = 0 because it is the first interface and changing the refractive index 

to the correspondent ones. This leads to a quite simplified form ( 4.7) 

𝐴𝑀⃗⃗⃗⃗ ⃗⃗  ⃗⃗ ⃗⃗ ⃗⃗  
=

1

2
(

1 +
𝑛𝑜

𝑛𝑖
1 −

𝑛𝑜

𝑛𝑖

1 −
𝑛𝑜

𝑛𝑖
1 +

𝑛𝑜

𝑛𝑖

) ( 4.7) 

Where  𝑛𝑜 is the air refractive index and 𝑛𝑖 the refractive index of the l or h layer, depending with 

which layer the sample starts. 

The layer-air matrix can also be obtained from �⃗⃗� 
⃗⃗ 

𝑖. The only change that must be done is replace one 

of the indexes for 𝑛𝑜. In this case, the propagation part has to be present, because before going out 

the sample, the field has traveled one last layer. 

The final step is to compute the values of the reflection and transmission. When all the matrices have 

been multiplied, the relationship between the incident field and the output field can be written as in 

equation ( 4.8). 

(
𝐸𝑜𝑢𝑡

+

𝐸𝑜𝑢𝑡
− ) = (

𝐴 𝐵
𝐶 𝐷

)(
𝐸𝑖𝑛

+

𝐸𝑖𝑛
− ) ( 4.8) 

The reflection and transmission do not depend on the incident field because they are relations 

between the reflected field, the transmitted field and the incident one. For that reason, the 

coefficients can be found with just the components of the total translational matrix (Equations ( 4.9) 

and ( 4.10)).  

|𝑟|2 = |
𝐸𝑖𝑛

−

𝐸𝑖𝑛
+ |

2

 = |−
𝐶

𝐷
|
2

 ( 4.9) 

 

|𝑡|2 = |
𝐸𝑜𝑢𝑡

+

𝐸𝑖𝑛
+ |

2

 = |
𝐴𝐷 − 𝐵𝐶

𝐷
|
2

 ( 4.10) 

 

Having completed the theorical part, the simulation results will be exposed. In Table 2 shows the 

different layers of material used, as well as their thicknesses. The first and last air layers do not have 

any thickness because they are the input and output media. The refractive index of each medium 

cannot be included in the table because it depends on the wavelength. That means that the value of 

n must be calculated for each wavelength. To find the value of the refractive index, two different 

methods have been used in the program. For the air, the dispersion equation that relates the value of 

the wavelength with the real part of the refractive index has been found (Ciddor, 1996) and it is used 

for the calculations. For the tantalum pentoxide and the silver, a large table of values has been 

provided, taking the value of the table which was more similar to the working wavelength. 
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 Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7 Layer 8 

Media Air Ta2O5 Ag Ta2O5 Ag Ta2O5 Ag Air 

Thickness - 90nm 15nm 90nm 15nm 90nm 15nm - 

Table 2: Order of the layers used for the simulation, as well as its thickness. 

Figure 4.9: Simulation of the reflection of the graphene sample without graphene with Matlab. 

Figure 4.8: Simulation of the transmission of the graphene sample without graphene with Matlab. 
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Figure 4.9, Figure 4.8 and Figure 4.10 show the results of the simulation with the Matlab program. 

They can be compared with the TFCalc obtained plots (Figure 4.4, Figure 4.5 and Figure 4.6), 

observing that the obtained curves are identical.  

 

4.1.3. Graphene samples measurements results 
The main objective of the samples with graphene is the determination of the absorption through the 

measured reflectance and transmittance. In this case, different setups have been tried: white light, 

Figure 4.10: Simulation of the absorption of the graphene sample without graphene 
with Matlab. 

Figure 4.11: Transmission, reflection and absorption for the samples 90A and 90B of graphene. 
It has been measured using white light with horizontal polarization for an incident angle of 3o. 
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the supercontinuum laser, the green laser, the red laser and the infrared one. From all these 

measurements, the ones with white light and the supercontinuum laser have provided the most 

accurate information.  

The first measurement was made with the white light setup (Figure 3.1). The graphene sample is 

partially transparent, allowing the measure of reflection and transmission. Figure 4.11 and Figure 4.12 

show the transmission, reflection and absorption of the samples 90A and 90B for two different 

polarizations. The angle dependence is irrelevant in this case, so it has been measured with the 

minimal possible angle, 3o. The range of wavelengths is from 400nm until 800nm because outside this 

range the noise from the source made the measures uninterpretable.  

The first thing to mention is that the obtained results are not precise enough to determine if the 

absorption of one layer of graphene corresponds to the theoretical value of 2.3%. However, they are 

useful to know how each parameter behaves with the wavelength. The most important think to 

observe is that the results do not depend on the polarization of the light; the graphs for the horizontal 

and vertical polarization are the same. This implies that the polarization is a parameter which does 

not have to be controlled, because it does not affect the results. 

The next experiment was done with the supercontinuum laser source (Figure 3.2). The obtained 

graphs have the same shape as the ones obtained with the white light and the absorbance of the 

graphene cannot be appreciated either. From these results it can be concluded that a more precise 

detector would be needed in order to measure the graphene absorption with better accuracy.  

Even if with the supercontinuum laser the 2.3% of absorption could not be measured, the angle 

dependence of the curves was an interesting property to study. Figure 4.13 shows the transmission 

of the sample 90A without graphene for different incident angles. As can be observed, the position of 

the peak depends on the angle and for higher angles, the peak moves to lower wavelengths just as 

will be observed in the gold grating samples. One of the main differences with respect to the gold 

grating plot is that the amplitude of the peak is also affected by the angle, decreasing for larger angles. 

This may also be due to the fact that some light is lost with such high angles. The sensitivity of the 

displacement of the peak with the angle is also important. An angle variation of 20o had practically no 

Figure 4.12: Transmission, reflection and absorption for the samples 90A and 90B of graphene. It 
has been measured using white light with vertical polarization for an incident angle of 3o. 
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effect in the position of the peak. Angle values of 40o and even 60o are needed in order to observe 

some significant change in the wavelength where the peak is placed. So, this measurement shows that 

the variation of the graphs is not significant for small angles and big angles are needed in order to 

modify it.  

 

The small peak at a wavelength of 800nm is not a consequence of the sample, but it comes from the 

laser. The supercontinuum laser is pumped at 800nm and it shows a peak at this wavelength in every 

measurement.  

Once the behavior of the sample depending on the wavelength between 400nm and 800nm was done, 

the next step was to study the angle dependence for a single wavelength. Three different wavelengths 

where tried: a green laser of 532nm, a red laser of 628nm and an infrared laser of 1064nm. Different 

wavelengths were used in order to see if the angular dependence changed with the wavelength. The 

absorption of the sample seemed to be kept constant for small angles and increase when the incident 

angle was bigger than 45o. No more information could be obtained from it, so then the experiments 

were centered in trying to measure the absorption of 2.3% for small angles, but the results gave 

completely erratic measures. In an attempt to know the reason, fluctuations introduced by the 

detectors and the oscillations in the laser intensity were considered. For the case of the green laser 

with the 36 A/M Si biased detector, the error in the absorbance was ±2.6% just considering the error 

of the detector, so the real error could be much larger than this value. With this error, the absorbance 

of the graphene was impossible to be observed. Another detector was used for the green and red 

laser, but the error was still too high. In a last trial, the infrared laser was used. The sample was 

designed specially to increase the absorbance for a wavelength of 1064nm so at this case the 

absorbance should be higher than 2.3%, but the results were too noisy, and nothing could be 

concluded.  

Figure 4.13: Transmission of 90A sample without graphene versus the wavelength 
for different incident angles. 
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After all these experiments, the only viable way to measure the absorbance was to use a more precise 

detector. For that reason, the supercontinuum laser was used once again, but with the SR 303I-A 

photo-spectrometer with a DV42CA-OE camera. Cooling down the camera until -5ºC allows to reduce 

a lot the noise and obtain more precise spectra. The photo-spectrometer also allows to measure in a 

wider range of wavelengths (from 200nm until 1050nm). The measurements with this photo-

spectrometer are more time consuming because an exact reference has to be taken for each measure 

in order to have valid results. This fact also presents a problem. Just the results taken with the same 

reference can be compared quantitatively. For this reason, the only data which can be compared are 

the absorbances between the two parts of the sample 90A and the two parts of the sample 90B 

because they are measured with the same reference. 

Figure 4.14 shows the measured absorbance of the two parts of the graphene sample 90B (with one 

layer of graphene and with two layers) in the range between 800nm and 1050nm. The photo-

spectrometer can measure a wide range of wavelengths, but all the spectrum cannot be measured at 

the same time and it has to be done by intervals. This means that for each interval, the reference 

changes and one interval cannot be compared with the other. As it can be observed, the absorbance 

of the sample with two layers of graphene is much bigger than the one with one layer. More precisely, 

near the resonance wavelength of 1064nm, the absorbance increases into ~7% instead of 2.3%, 

meaning that structure works properly at focalizing the field in the graphene. 

It has to be mentioned that even if the absorbance of two layer is clearly bigger than with just one 

layer, the absorbance of 2.3% is not observed in all the range of wavelengths. Instead, it seems that 

the absorbance depends on the wavelength. The simulated results also show these behaviors, so it 

can be concluded that it is not entirely experimental error. One possible explanation for this 

occurrence is the effect of the periodic structure. Even if the graphene absorbance is constant, it is 

not the same for the periodic structure and this variation of the absorbance can affect the whole 

absorbance. However, in any point the absorbance is as big as near 𝜆 = 1064𝑛𝑚. 

Figure 4.14: Measured absorption of the 90B sample for two different ranges of wavelengths. It 
has been measured with the supercontinuum laser and the photo-spectrometer. 
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To finalize the measures of the graphene, all the results can be put together in one graph, from the 

lowest wavelength until the highest one (Figure 4.15, Figure 4.17 and Figure 4.16). Results with 

different references are joint together, so the value of it cannot be determinant. What is interesting 

to observe is the shape of the wavelength dependence. Comparing the behavior of the experimental 

results with the ones obtained with the simulations, both the TFCalc simulations and the Matlab ones, 

it can be observed that the shapes match quite well. Specially the graphs from the reflection and the 

transmission, probably because they are the parameters which are directly measured and have less 

error. The absorption also seems to follow the theorical shape, but some peaks are not as pronounced 

as the theorical ones. This may be caused because in the absorption the errors from the reflection 

and transmission are accumulated and because joining all the data can induce some small changes in 

the shape. 

The last thing to explain are the possible improvements of the sample. Even if achieving an increase 

in the absorption is remarkable, adding more layers could facilitate the measurements. This 

proposition has already been taken into account and samples with five layers are currently being 

fabricated. It also could be interesting to measure the differences between the layers with the same 

reference and like this, the results could be compared. A possible solution for this problem would be 

fabricate a substrate divided in four parts, adding layers of graphene in each quadrant. 

 

 

 

 

 

Figure 4.15: Recompilation of all the reflection data obtained in arbitrary units. The 
range goes from 400nm until 1050nm. 
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Figure 4.17: Recompilation of all the transmission data obtained in arbitrary units. 
The range goes from 400nm until 1050nm. 

Figure 4.16: Recompilation of all the absorption data obtained in arbitrary units. The 
range goes from 400nm until 1050nm. 
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4.2. ENHANCEMENT OF THE SECOND HARMONIC GENERATION 
WITHIN A GOLD GRATING 

 

4.2.1. Description of the gold grating sample 
Three different gold grating samples have been studied. The design of the first two samples is shown 

in Figure 4.19. A silicon dioxide (𝑆𝑖𝑂2) layer is grown on top of a silicon (𝑆𝑖) wafer and a gold (𝐴𝑢)  

layer of 200𝑛𝑚 thick is deposited on top of a 10𝑛𝑚 titanium (𝑇𝑖) layer. Finally, the grating is etched 

on the gold layer surface. The dimensions and periodicity of the grating (shown in Table 3) have been 

chosen in order to obtain a resonance in reflection and transmission at 𝜆 = 800𝑛𝑚 for normal 

incidence. The simulations have been done by Dr. Maria Antonietta Vicenzo, at the University of 

Brescia, Italia, and two different samples have been fabricated in the laboratory of Dr. Guiseppe Leo 

at the University Paris Diderot, France. These two samples (called from now on Samples 1 and 2) 

present the problem that are opaque for all the visible and near infrared range, so just reflection can 

be measured.  

Sample 1 and sample 2 share the same structure, but the sizes of the parameters are a bit different, 

so the results that they will provide will not be the same. Table 3 shows the sizes of all the samples, 

according to the parameters described in Figure 4.19. 

 a p w t1 t2 t3 

Sample 1 566.6nm 784.5nm 30nm 200nm 10nm 2000nm 

Sample 2 532nm 810nm 30nm 200nm 10nm 2000nm 

Table 3: Measurements of the gold grating according to Figure 4.19. 

Figure 4.19: Diagram of the gold 
grating 

Figure 4.18: Picture of the real sample, comparing 
the size with a 5cent coin. 

Grating 
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As mentioned before, these two samples are opaque in the studied range, so just the reflection can 

be measured. Another complication that bring along is the small area of the grating. Figure 4.18 shows 

a picture of sample 1 in real scale (sample 2 looks the same). The area where the grating is placed has 

a size of several microns and in order to measure the samples the beam of light has to fall exactly 

inside the grating. This supposes having to focalize the beam in a very specific region with a very small 

diameter.  

The third sample has a slightly different geometry because the gold grating has been transferred onto 

a transparent substrate (glass). For this sample, labeled from now on Sample 3, both reflection and 

transmission will be measured. However, the structure is not the more interesting difference in this 

sample. In this case, the area with grating is much bigger than the previous samples, so it is easier to 

ensure that the beam goes through the grating (Figure 4.22). Another improvement is the 

translucence of the sample which allows the measurement of both the transmission and reflection of 

the light but more important, data from normal incidence can be found. Table 4 shows the sizes of 

Sample 3. There is only the gold grating and the substrate, so thickness 𝑡1, 𝑡2  are not present. 

Moreover, the thickness of the gold layer and the high of the grating are not available. The real grating 

can be observed in Figure 4.22 in a SEM image of the grating.  

 a p w t1 

Sample 3 165nm 600nm No data No data 

Table 4: Sizes of the Sample 3 according to the parameters of Figure 4.19 . There is no data 
from the high of the grating nor from the thickness of the gold layer. 

Figure 4.20: Reflection simulation from samples 1 and 2 as a function of the wavelength for normal 
incidence. 



 

 43 

Even if the samples have some differences, all of them are designed to present a resonance at 𝜆 ≈

800𝑛𝑚 with normal incidence. This simplifies a bit the measurements because it is not necessary to 

go until 𝜆 = 1064 𝑛𝑚 to observe the effects of the resonance, like the case of the photonic crystal 

with graphene.  

 

4.2.2. Reflection and transmission measurements  
The exposed results will be divided in two sections. First, the results obtained with the samples 

1 and 2 will be presented and then the results from sample 3. 

4.2.2.1. Results from Samples 1 and 2 
The measurements have been obtained using the supercontinuum laser in both samples. As 

mentioned before, these samples are opaque in the studied range of wavelengths, therefore only the 

reflection was measured. The setup (Figure 3.2) allows to change the polarization using the half 

wavelength plate, so the reflection of the samples have been measured for polarization TM and TE. 

Finally, the first measurements were made with the minimum angle that would allow the measure of 

the reflection in order to obtain values near the normal incidence but then, measurements with other 

incident angles were made. Figure 4.24 and Figure 4.23 show the reflection for the sample 1 and the 

sample 2, respectively. The graphs have been smoothed because originally, they were noisier, and the 

shape could not be appreciated easily.  

The more interesting graph is the one with TM polarization. The reflection is kept more or less 

constant at a value near the 100%, but the it decreases at a specific wavelength, forming an inverse 

peak. This peak reaches its minimum at a reflection value of ~55% for sample 1 and ~50% for 

sample 2. It can also be observed that the peak moves into lower wavelengths if the incident angle 

increases. It is also interesting to check the wavelengths where the minimum of the peak is situated. 

For the lowest value of the incident angle, sample 1 has a minimum near 765nm and sample 2 at 

790nm. Regarding the position of the peaks, all the peaks from sample 2 are situated at higher 

wavelengths than the other sample, being the minimum peak wavelength for sample 2 near 735nm 

and near 690nm for sample 1. The reflection for the TE polarization does not show any of these peaks 

and the reflection is kept constant for all the range of wavelengths. 

The explanation of these peak is a resonance. The grating structure of the gold traps part of the electric 

field inside the sample, increasing the absorption as explained in Section 2.2. This cannot be fully 

corroborated because there are no data of the transmittance, but the same behavior has been 

observed in other samples. This result is quantitative, because even if the position of the resonance 

can be observed, the exact value of the absorbance in this point is unknown. 

Figure 4.22: Picture of the Sample 3 
compared to a 5cent coin. The diagonal space 
in the center of the sample delimitated by 
two black lines is the grating zone. 

Figure 4.22: SEM image of the gold grating 
from Sample 3. 
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Figure 4.24: Reflection of the gold grating sample 1 for TM and TE. For the polarization TM, 
four results for different angles are shown.  

Figure 4.23: Reflection of the gold grating sample 2 for polarizations TM and TE. For the TM 
polarization, four results for different angles are shown. 
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As it is observed, this increase of the resonance does not happen for any wavelength. The samples are 

designed to present resonance at 𝜆 = 800𝑛𝑚 and normal incidence. Even if it is not possible to 

perform the reflection measurement with an incident angle of 0o, the minimum angle measured are 

3o and 4o, which is quite near the normal incidence. As it has been mentioned, for these angles the 

peak is placed at 765nm and 790nm which is quite close to the theorical value of 800nm, confirming 

the theoretical value.  

In the last place, the dependence of the angle has been corroborated with a simulation. In Figure 4.25 

a simulation that represents the reflection coefficient in terms of the wavelengths and the angle is 

showed. Over this simulation, the experimental points of the minimum reflection for each angle are 

plotted. As can be observed in the right graph, which is zoomed, the experimental points coincide 

really well with the minimums found with the simulation. 

The sizes used to obtain the simulation are not exactly the sizes of the samples that has been 

measured. However, the dimensions of the simulation and the Sample 1 are quite similar, so the 

results have been compared without taking into account this discrepancy. Table 5 shows the 

dimensions used in the simulation, according to the parameters described in Figure 4.19. 

 a p w t1 

Sample 1 566.6nm 784.5nm 30nm 200nm 

Simulation 600nm 795nm 30nm 200nm 

Table 5: Sizes used to compute the simulation shown in Figure 4.25, compared with the real sizes 
of Sample 1 

The simulation also provides more information. The resonance at 𝜆 = 800𝑛𝑚 is corroborated to 

appear for a normal incident angle. However, this resonance does not stop at 800nm. If bigger 

wavelengths and bigger angles would have been tried, more minimums would have appeared, so the 

inverse peaks of the reflection are not exclusive for the range of wavelength and angles that has been 

measured.  

The opaque behavior of the sample not only makes impossible the measurement of the transmission, 

but also the second harmonic signal detection. The sample is designed to have resonance for normal 

incidence, so under these conditions, the second harmonic signal is amplified and can be measured. 

Figure 4.25: Simulation of the reflection coefficient as a function of the wavelength and the 
angle. On top of the simulation, the experimental points of the reflection minimum for 
each angle has been represented. The left graph is whole simulation, while the right graph 
is a zoom with the experimental error bars.  
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However, reflection in normal incidence cannot be measured and a simple deviation of a few degrees 

can make impossible the detection of the signal. Furthermore, the used laser pumps the light at the 

specific wavelength of 𝜆 = 800𝑛𝑚  so extra noise is added, complicating even more the 

measurement. This is solved with the Sample 3.  

These same samples could be improved by simple designing them with the resonance at another 

incident angle, for example 15º. This way, the reflection at the precise angle of the resonance could 

be measured and the second harmonic signal could be detected at its maximum value. The proposed 

sample is already being fabricated and Figure 4.26 shows the simulation of the reflection as a function 

of the incident angle and the wavelength. 

4.2.2.2. Results from sample 3 
The main objective with Sample 3 is the measurement of second harmonic signal enhanced by a 
resonance effect. With this sample, the SH signal can be measured because data with the exact 
wavelength and incident angle where the resonance is found can be obtained. However, an 
observation and characterization of the resonance will be done in the first place, before measuring 
the SH signal. 
As mentioned, the enhancement of the SH signal is due to a surface plasmonic resonance, which 
should be visible when the measurement with the supercontinuum laser is made. In this case, the 
value of the transmission as a function of the wavelength will be studied, with different incident angles 
to observe its dependence. For this reason, the setup from the measurements of the previous 
samples’ resonances will be used once again (Figure 3.2). Figure 4.27 shows the transmission of the 
gold grating sample 3 as a function of the wavelength for different incident angles. As can be observed, 
a clear resonance can be seen for all the angles, being the one with higher intensity the one with 
normal incidence. However, the resonance for 0𝑜 is not placed at 𝜆 = 800𝑛𝑚 but a bit displaced at 
𝜆 ≈ 860𝑛𝑚. This opens the hypothesis that the sample does not have the resonance for normal 
incidence and 𝜆 = 800𝑛𝑚, but instead it is a bit displaced. When the incident angle increases, the 
resonance is divided in two peaks that keep moving into higher and lower wavelength, decreasing or 
increasing their intensity as can be observed in the figure. The last point to mention is the high 
sensibility of the resonance position with the angle. The studied spectrum goes from 𝜆 ≈ 700𝑛𝑚 until 
𝜆 ≈ 1000𝑛𝑚 but with just a variation of 6𝑜, the resonance is displaced Δ𝜆 ≈ 150𝑛𝑚 and disappears 
from the range. It has to be mentioned again that the narrow and high peak at 𝜆 = 800𝑛𝑚 is due to 
the laser itself and it is not a product of the sample. 

Figure 4.26: Simulation of the reflection as a function of the angle and the wavelength 
for a designed sample with a resonance at 𝝀 = 𝟖𝟎𝟎𝒏𝒎 and 15o. 
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Once it is certain that the sample presents a resonance, the second harmonic signal is measured. The 
measurement of the SH signal is a bit different from the previous measurements because what is 
measured is directly the signal produced by the sample when the beam is transmitted through it, so 
the setup from Figure 3.6 is needed. Figure 4.28 shows the second harmonic signal as a function of 
the incident angle for polarizations TE and TM. It can be observed that, effectively, SH signal is present. 
Furthermore, the maximum value of the signal is not found for normal incidence, but for an incident 
angle of ~4𝑜 . This reaffirms the previous hypothesis that the resonance is not exactly placed at 𝜆 =
800𝑛𝑚 for normal incidence. This is probably due to the little errors in the fabrication process where 
the sizes are not exactly the theoretical ones. It is also interesting to observe that the signals for TM 
and TE follow the same tendency, with the peak at the same angle, even if the signal for TE is a bit 
smaller. This result alone concludes that for the sample 3, there is second harmonic generation, with 
a signal big enough to be measured.  
These results were obtained near the end of the project, so further investigation of the process could 

not be done. However, this opens a door for new measurements, for example, how the SH signal 

changes with the wavelength, study the resonance for different ranges of wavelength and angles or 

how much the polarization changes the results. 

 

 

 

 

 

 

Figure 4.27: Transmission of the Sample 3 as a function of the wavelength for different 
angles. 
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Figure 4.28: Representation of the second harmonic signal in terms of the incident angle. Two 
different polarizations have been represented, TE and TM. 



 

 

5. CONCLUSIONS 
 

We now summarized our conclusions.   

First, the linear characterization of reflection and transmission as a function of incident wavelength 

and angle from the nanostructures have been done successfully. For both metal/dielectric samples 

with graphene and the gold grating, the experimental results fit very well our simulations. For the gold 

grating, the appearance of a resonance has been studied, as well as its response as a function of 

incident angle. For the graphene samples we studied the spectral response from 400nm to 1050nm. 

The use of white light supercontinuum generated by an optical fiber pumped by a laser led to 

satisfactory results. 

Second, absorption of one and two layers of graphene was successfully measured. Several attempts 

we undertaken to and different setups were implemented to obtain and compare absorption between 

one and two layers of graphene. The approximate absorption of 2.3%  was measured and the 

enhancement of this percentage near 𝜆 = 1064𝑛𝑚  was proven, as a result of field intensity 

enhancement by the periodic structure. 

Finally, a preliminary measurement of the second harmonic signal was obtained from a gold grating. 

The enhancement of the nonlinear signal was been observed in the expected wavelength and angle 

of incidence of the resonance, as predicted by the simulations.  
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