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Abstract 

Structural color arises from the interaction between light and nanostructured materials. The ability 

to control the structural colors of nanomaterials has generated significant interest in metasurface 

research due to their potential for a wide range of industrial applications, such as vision, display 

technologies, data encoding, and anti-counterfeiting. However, scaling up production presents a 

major challenge for customizing the metasurfaces. Laser-based techniques offer a potential 

approach to overcome such challenge owning to the simplicity, cost-effectiveness and scalability. 

Nonetheless, the laser-induced materials typically suffer from intrinsic imperfections, including 

variable particle sizes, imperfect organization, and different surface morphologies. The optical 

responses of the material are thus characterized by their statistical properties, making the 

researches in color properties challenging. 

This thesis investigates the optical properties of mesoporous TiO2 thin films impregnated with 

small silver particles deposited on glass substrates processed by lasers. The main objectives of this 

thesis are to understand how structural inhomogeneities affect the optical properties of the 

materials and the mechanisms that lead to different diffracted and dichroic properties arising from 

their statistical properties. 

The thesis consists of five main parts. The first part presents the theoretical background, including 

the plasmonic resonance properties of silver particles under varying opto-geometrical parameters. 

The simulation method based on T-matrix and scattering matrix formalisms to solve the multiple 

scattering problem is also discussed. The second part presents the experimental techniques used in 

this thesis, including the preparation of sol-gel-based samples, laser printing experiments, and 

color characterization. The following three parts contain the main results of the thesis. Part 3 

focuses on the study of dichroism arising from the coupling between plasmonic and photonic 

resonances excited within laser-structured films. It investigates how statistical properties affect 

simulation results and the influence of imperfections on the optical properties. Part 4 concentrates 

on the colored properties, diffraction, and dichroism of materials controlled by nanosecond laser 

pulses. The mechanisms by which certain samples exhibit diffraction, some show dichroism, while 

others exhibit both optical phenomena simultaneously, are also addressed. Finally, Part 5 examines 
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the diffraction properties of structures with three superimposed gratings induced by a continuous 

laser. 
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Introduction 

Structural colors,1–7 which result purely from the interaction between light and the nanostructures, 

are a promising alternative to other chemical-based coloration mechanisms because they are 

resistant to photobleaching and provide eco-friendly color expression. Physically, when light 

impinges on a structure, it is modified and reflected or transmitted at a certain visible wavelength 

range to our eyes, allowing us to see a specific color. One common way to achieve the modification 

is to use plasmonic materials to absorb specific wavelength of the incoming wave, which is due to 

the excitation of the coherent conduction electron of metallic particles known as plasmonic 

resonances, which is a foundation in the generation and control of plasmonic colors2,8–11 These 

resonances enable precise tuning of optical properties by engineering the geometries, dimensions, 

compositions of nanostructures,3,12,13 as depicted in Figure I.a-c. 

When the plasmonic resonances confined around small nanoparticles, referred as localized surface 

plasmon resonances (LSPRs),2,14–19 they possess the remarkable ability to confine light within 

subwavelength scales. This property contributes to the outstanding spatial resolution achieved by 

LSPR-based color materials.20,21 On the other hand, when nanoparticles arrange in a ordered array, 

they can trigger diffracted waves. The hybridization between the LSPRs of individual nanoparticle 

with the photonic modes generated from the ordered array provides another mean to change the 

spectrum of the incoming light.22,23 Another approach is to use dielectric layers incorporated with 

plasmonic resonators to generate structural colors, originating from several combination effect of 

optical mechanisms, such as absorption, reflection, transmission, or interference. 24,25 

Materials exhibiting plasmonic colors have gained considerable interest, primarily for their 

significant potential applicability in real world optical devices. In contrast to conventional color 

pigments added as chemical additives, these materials employ texturing methodologies to achieve 

the desired colors. Numerous studies on plasmonic colors have produced materials with fruitful 

color through diverse modes of observation, including transmission,11,26 scattering27,28 or 

reflection29,30 modes.      

What make this area even more intriguing is the dynamic modulation of colors filtered through 

plasmonic resonances, a subject that has attracted significant interest over the past few years,31–36 
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as shown in Figure I.d-i. Unlike static plasmonic colors, this dynamic approach allows for the 

encoding of multiple distinct colors in one single nanopixel.37,38 This capability holds a great 

promise, especially as it aligns with the growing demand for innovative optical engineering like 

tunable displays or data encryption.  

Despite extensive studies and many significant achievements in the field of coloration using 

plasmonic materials, producing such materials for large-scale industrial applications remains 

challenging, with a need for low-cost mass production. To this end, laser-based techniques are 

appeared as a great candidate because they are simple, inexpensive and scalable (Figure I.j-k). In 

fact, laser-empowered color generations have achieved great success in recent years.39–42 Laser 

can induce several mechanisms that modify material morphologies, supporting a wide range 

optical properties. Different color appearances can be generated depending on particle size, shape 

and organization, which can be easily directed by laser at different exposure conditions.42–44 Laser 

can also trigger self-organization processes,45–47 enabling grating formations whose period and 

orientation are tuned by laser wavelength and polarization. These emerging self-organizations can 

act as diffraction gratings at specific visible wavelength or can give rise to dichroism. Exploiting 

these diffractive or dichroic properties of plasmonic metamaterials can pave the way for the future 

development of optical components with high-end applications. Recently, laser-generated 

plasmonic gratings have demonstrated the ability to hide several diffractive images that can be 

revealed at different observation angles,48 or random plasmonic metamaterials induced by laser 

have been implemented for multiple image multiplexing in a single metasurface,37,38 with some 

multiplexed images exploiting the dichroic property. The materials in these studies are 

characterized by their statistical properties, where laser beam modifies several parameters 

simultaneously, producing some kind of random metasurfaces with certain size distribution, 

particle density and organizations. This makes it extremely difficult to do research on the optical 

properties of these materials. Despite significant efforts to unveil many physical mechanisms of 

the plasmonic metasurface under the laser illumination, such as the growth and reshaping of 

metallic particles,49–51 self-organization processes52,53 or the link between optical properties and 

laser processing parameters using machine learning,54 many questions remain unclear. The latter 

includes the following questions: how do the characterized size of metasurface, spatial disorders 

and size distribution affect the overall optical properties of the materials? From the statistical 
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property of the real sample, how one can unfold the origin of diffraction or dichroism? What are 

the mechanisms that lead some samples to exhibit both diffraction and dichroism, only dichroism 

or only diffraction and what are the impacts of the opto-structural parameters on the non-diffractive 

and non-dichroic colors?   

The primary goal of this thesis is to answer above questions in order to gain a deeper understanding 

on the relation between laser parameters, the induced nanostructures and the resulting optical 

properties, which can open the door to mass production of optical devices with desirable 

functionalities. To seek for the answers, we organize the thesis into six chapters. Chapter 1 will 

present the theoretical background of the studies, including the introduction and physical 

properties of plasmonic materials, the electromagnetic simulations method that employs T-matrix 

method and scattering matrix formalism to solve the multiple scattering problem of spherical 

nanoparticles embedded in thin film layers, and the optical properties of metallic particles with the 

influence of opto-geometrical parameters. Chapter 2 will introduce the experimental techniques 

that are used to produced samples. The sample preparation process will be first presented. 

Continuous (cw) and nanosecond (ns) laser set-ups with be then discussed. And finally, we will 

explain how the lasers can be used to print plasmonic images. The third chapter will be dedicated 

to study the hybridization between plasmonic and photonic resonances, occurring in self-organized 

nanoparticle arrays buried in dielectric thin film. The questions of how the sample inhomogeneities 

influence the optical behaviors will be answered. By comparing simulation results of real-like and 

regular samples, the origin of sample dichroism is also revealed. Chapter 4 further explores the 

physical mechanisms underlying the diffractive and dichroic properties of samples induced by 

nanosecond laser, where coupling between near-field and farfield contribute to the varying 

diffractive and dichroic properties of the metasurfaces. At the end of this chapter, we print realistic 

color images observed in different modes to demonstrate the potential of the laser-based approach 

in mass production for display or security purposes. In the fifth chapter, interesting asymmetric 

and circular diffractive behaviors of three superimposed grating structures generated by cw laser 

will be presented. Finally, I will conclude the thesis and discuss the possible research that can be 

a continuation of this work.  
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Figure I.(a) Illustration depicted the top view of aluminum nanodisks positioned on an aluminum film 

coated with aluminum oxide. (b) Scanning electron microscope (SEM) images of nanodisks with an 80 

nm diameter and a 300 nm spacing. The scale bar is 200 nm. (c) Color pallets of the nanodisk arrays with 

diameters, ranging from 80 to 280 nm in 10 nm intervals, and periods varying from 200 to 400 nm in 20 

nm increments. The image was captured using a 20x objective (NA = 0.45) under unpolarized white light 

illumination.55 (d, g) Schematics of cross-shaped aperture with w = 30 � 2 nm, P = 340 nm, SA = 120 � 

5 nm and LA = 203 � 3 nm. (b, f) Color pallet obtained in transmission mode with polarization parallel 

and perpendicular to SA respectively. (h, i) Micrographs of butterfly with different colors observed under 

different incident polarizations.36 (j) Illustration of plasmonic color printing using femtosecond laser on 

semicontinuous silver films.56 (k) Illustration of high-resolution laser printing of structural colors of metal 

films atop dielectric-metal sandwiches.44     
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1 Theoretical Background  

In this chapter the concept of plasmonic resonance will be introduced, with the focus on Drude 

model for dielectric function, the concept of localized surface plasmon resonance, introduction of 

quasi-static approximation and Mie theory for single sphere particle. The chapter continues by 

presenting the modeling method for scattering problem of metallic particles based on T-matrix 

method incorporating with scattering matrix formalism. Finally, it will end with the study on the 

optical properties of plasmonic nanoparticles under influences of several opto-geometrical 

parameters and an introduction of coupling between LSPRs with photonic modes arising from 

diffracted waves of ordered NPs array.  

1.1 Introduction of Plasmonics 

Plasmonics is a promising field that exploits the collective motion of charge carriers at the interface 

between a dielectric and a metal under the interaction with electromagnetic fields. Such collective 

oscillation is either surface plasmon polariton (SPP), when propagating along the interface or 

localized surface plasmon resonance (LSPR), when localized on a nanostructure. The excitation 

of plasmons can lead to strong enhancement of electromagnetic field at nanoscale allowing to 

generate novel optical effects, which can be potential for many applications ranging from 

chemistry,57 energy,58 to structural coloration.2,8,13 Actually, the use of plasmonic materials can be 

traced back centuries, when stained glass windows in many churches or Roman Lycurgus cup were 

used thanks to their vibrant color appearances, which were achieved by doping the materials with 

gold or silver particles. However, the underlying physics of optical effects can only be revealed 

beginning with Gustav Mie’s work in 1908, where he solved Maxwell’s equations to find the 

scattering and absorption of spherical particles.     

To understand the interaction between light and the metallic particles at nanoscale, one must 

understand the interaction between light and electrons. Lorentz and Drude proposed models to 

describe the motions of electrons exerted by external electric force. While the Lorentz model takes 

into account the nature resonance of electrons, which are bound to a nucleus, the Drude model 
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considers the motion as free electron gas. Therefore, the latter  will be used in this thesis to model 

the motion of electrons in a metallic nanoparticle and will be discussed further below.   

1.1.1 The Drude model 

The Drude model is introduced to explain the transport properties of electron in metals,59,60 which 

is based on a classical representation of kinetic theory. It assumes gas molecules as solid spheres 

with negative charges that move freely against immobile metallic ions with positive charges. The 

models neglect the interaction between electrons and between electrons and ions. Instead the 

damping via collisions is characterized as collision frequency 1/�, where � is defined as the 

relaxation time.  

Classically, the motion of a free electron gas can be modeled as a damped oscillator under the 

external electromagnetic field, which can be mathematically described as: 

�� ��	⃗����� + ��Γ �	⃗���� =  −���⃗ �� (1.1)

Where 	 is position, �� is electron effective mass, Γ is the damping constant, ��⃗ �� is the external  

electromagnetic field. Using the harmonic time dependence forms of the electric field ��⃗ �� =
������� and solving for solutions with 	⃗�� = 	������, we arrive at 

	⃗�� =  ���
��⃗ ���� ∓ ��Γ (1.2) 

leading to the polarization of the material, which is defined as: 

��⃗ �� = − ��	⃗�� =  − ���
��

��⃗ ���� + ��Γ (1.3)

with � is the number of electrons per unit volume. Under the applied electric field ��⃗ , the 

polarization can be rewritten as: 
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��⃗ �� =  �!����⃗ �� (1.4)

Where  � is the permittivity of the vacuum and ! is the susceptibility of the material, which is 

equal to 

!�� = − ���
 ���

1�� ∓ ��Γ (1.5)

 with the induced polarization ��⃗ , the dielectric displacement reads: 

"��⃗ =  ���⃗ + ��⃗  
=  ���⃗ +  �!���⃗  
=  ��1 + !���⃗  

"��⃗ =  � ��⃗  

(1.6)

Therefore, the dielectric function of the material becomes  

 �� = 1 − �#��� + ��Γ (1.7)

Where �# = ���/ �� is the plasma frequency of the material. Rewrite equation (1.7) in term of 

the real and imaginary components, we arrive at:  

 �� = 1 − $ �#���
1 + ����% + � $ �#��  

��1 + ����% (1.8)

where � is referred to the relaxation time, defined as � = 1/Γ. 

Convert the permittivity to the refractive index (we neglect the magnetic response): 
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� + �& = √ =  ( ) +  � � (1.9)

with � the refractive index and & the extinction coefficient. 

From equation (1.9): 

 ) = �� − &� 
 � = 2�& 

(1.10)

and: 

� = +| | +  )2  
& = +| | −  )2  

(1.11)

The Drude model presented above is adequate to describe the optical behavior of metals for photon 

energy within an electron band. However, when the photon energy exceeds the transition energy 

between electron bands, the Drude model becomes inadequate and can not fully describe the 

dielectric response of metals. Because the interband transition may occur in noble metals (e.g. 

gold, silver or copper), an additional parameter is needed to account for the physical process.61      

1.1.2 Effect of the interband transitions 

To take into account the effect of the interband transition, the dielectric function obtained from 

equation 1.8 can be modified as:62  

 �� = 1 + !-�� + !�.��  (1.12)

in which, !-�� =  −�/�/��� + ��Γ is the susceptibility from the Drude model (as shown in 

equation 1.7) and !�.�� is susceptibility accounted for the interband transition, which can be 

calculated either from electron band structure or using experimental data. We will present the latter 
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here, where Kramers-Kronig relations are used to connect the real part and imaginary part of !�., 

implying that the real part can be calculated from the imaginary part and vice versa63 

!)�� = 20 � 1 !���Ω� − �� 3Ω4

�
 

!��� = − 2�0 � 1 !)��Ω� − �� 3Ω4

�
 

(1.13)

 

(1.14)

where � is the integral principal part. The real part (!)) corresponds to material polarization while 

the imaginary part (!�) represents energy dissipation, which can be deduced from the imaginary 

part of the material susceptibility obtained from experiment and of the susceptibility from Drude’s 

model as the follows:     

!��.�� = 5!��6#�� −  !�-7��,   � ≥ ��.               0,                    � < ��.  (1.15)

with ��. is the threshold frequency of the interband transition. The real part of the susceptibility 

is then determined from the Kramers-Kroenig relations: 

!)�.�� = lim?→� A20 1 Ω!��.��Ω� − �� 3Ω��?

�
+ 20 1 Ω!��.��Ω� − �� 3Ω4

�B?
C (1.16)

1.1.3 Effects of size on damping rate 

For really small particle (radius < 10 nm), additional damping process, can affect the width and 

the frequency of the resonance band, which is due to the scattering at the surface when the particle 

size is smaller than the electron mean free path. The damping rate is thus modified by64 

Γ�D = Γ� + E FGD  (1.17)
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with Γ� is the damping constant resulting from the scattering of the excited electron with the ionic 

cores, which is independent to the particle size, E ≈ 1 is a constant that relies on particle surface 

features,65 FG is the Fermi velocity (FG = 1.39 × 10M �/N for silver used in this thesis) and D is 

the particle radius. The second term in equation (1.19), which is proportional to FG and 1/D, 

indicates the damping rate caused by the scattering of oscillating electrons with the metal surface. 

Finally, the dielectric function can be generalized as 

 ��, D = 1 − �#��� + ��Γ�R +  !�.�� (1.18)

1.1.4 Localized surface plasmon resonance 

Plasmon resonances can be supported by metallic particles.16,17 When an external electromagnetic 

field impinges on a metallic nanoparticle, it acts as a driving force to displace electrical charges 

away from its static cores. As the result, positive and negative charges are accumulated on the 

opposite sides of the particle (see Figure 1.3), inducing an electric field inside the particle with the 

opposite direction to the external field. The particle is thus polarized and exerts restoring force 

leading to the natural plasmonic oscillation of the particle. It is intuitive that, if the frequency of 

the external field matches with plasmonic frequency, the particle will oscillate maximally. For the 

noble metals, the resonance normally arises at visible wavelength and can be tuned easily by 

changing particle size, shape, organization, or dielectric medium. Therefore, LSPR-based 

applications are wildly used and will continue to grow in the future for vision-related applications.2 

To gain a deeper understanding of the underlying physics of LSPRs, it is crucial to quantify the 

optical properties of the metallic NPs, including scattering, absorption and extinction. To this end, 

the investigation begins with a simplified model that uses quasi-static approximation, then the Mie 

theory for the description of a spherical particle, and finally present a full analytical model of 

scattering problem of multiple spherical particles accompanied by a layered system. Despite not 

being used for calculating the optical responses, the approximation can provide useful 

interpretations for the optical behaviors of a metallic particle.      
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Figure 1.3 Excitation of localized surface plasmon resonance on metallic particles. White arrows depict 

the induced electric fields due to the displacement of electron charges in the presence of an external 

electromagnetic field  

1.1.5 Quasi-static approximation 

One of the simplest ways to gain insights into the LPSRs is to look at the resonance properties of 

a small nanoparticle using quasi-static approximation. In this regime, the electric field inside the 

particle is assumed to be in phase and the particle is treated as an oscillating dipole. With the 

approximation, the polarizability can be defined as:63,66 

P = 40DR  −  S + 2 S (1.19)

with  ,  S are the dielectric functions of the material and surrounding medium respectively. It is 

obvious from the equation 1.19 that the particle will resonate at the condition of minimum 

denominator, implying that  =  −2 S. To find the resonance wavelength, we can use the 

dielectric function derived from the Drude model as described in equation 1.7, which can be 

simplified for the visible wavelength range (� ≪ �#): 

 = 1 − �#��� (1.20)
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Using equation 1.20 and combining with the resonance condition ( =  −2 S), the frequency at 

the resonance peak is then:  

�SU6 = �#(2 S + 1 (1.21)

which can then lead to the wavelength at the peak: 

VSU6 = V#(2 S + 1 (1.22)

with V# =  20W/�#. An interesting result that can be obtained from the equations is the 

dependence of the peak to the surrounding environment, where increasing the refractive index 

results in a redshift of the resonance.  

Next, the scattering cross section and absorption cross section can be calculated as:63  

XYZU = 803 \]DM ^  −  S + 2 S^� 
XU.Y = 40\DRIm `  −  S + 2 Sa 

(1.23)

(1.24)

leading to scattering and absorption efficiency:  

bYZU = 83 \]D] ^  −  S + 2 S^� 
bU.Y = 4\DIm `  −  S + 2 Sa 

(1.25)

(1.26)

with k = 20/V and the efficiencies are determined by dividing the cross sections by 0D�. 

Theoretically, scattering is defined as part of incidence that changes direction without losing 

energy when impinging on a nanoparticle. Absorption, on the other hand, occurs when part of 

incident energy is absorbed and transferred to the particle. Extinction is thus the summation of 

absorption and scattering as they account for total energy removed from the incidence due to the 
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presence of the particle. Equations 1.25 & 1.26 suggest that small particles are dominated by the 

absorption efficiency over scattering efficiency.  

1.1.6 Mie theory 

However, the above approximation has a limitation in term of the influence of particle size on the 

optical properties, specifically the retardation effect of large particles. Mie theory,67 on the other 

hand, provide a rigorous analytical description to solve Maxwell’s equations that describes the 

optical properties of a spherical particle. According to the Mie solution, the scattering, extinction 

and absorption cross sections can be calculated as:63 

XYZU = 20\� c �2� + 1�|de|� +  |fe|�4
eg) 

 
X�6� = 20\� c �2� + 1D��de +  fe4

eg) 
 

XU.Y = X�6� − XYZU 

(1.27)

 

(1.28)

 

(1.29)

where de, fe are the parameters, consisted of the Riccati-Bessel functions, whose explicit 

expressions can be found in Bohren and Huffman book,63 � is a multipolar coefficient, which � =
1, 2, 3, … represents the dipole, quadrupole, octupole,…respectively. Mathematically, Mie theory 

describes an expansion of scattered fields into a complete and orthogonal form of radiating vector 

spherical harmonics. In comparation to quasi-static approximation, Mie theory provides more 

information about the scattering properties of a single spherical particle, such as resonances due to 

the multipolar modes and the redshift as the particle size increases.14,68 The latter is attributed to 

the weakening of restoring force when increasing particle size, which will be discussed further in 

section 1.3.    

However, with a complex multiple scattering system incorporated with reflection from plane 

surfaces, the simple approximation or Mie theory are not adequate for the study of the optical 

behaviors. In that context, an expansion of Mie theory, accounting for multiple scattering, 

combines with the scattering matrix method for the multiple reflection problem is needed. To this 
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end, Amos Egel 69 have presented a full analytical description for the multiple scattering problem 

combined with layer system response, which will be synthesized as below.       

1.2 Electromagnetic modeling of scattering by ensembles of particles in a 

layered system 

This section will present a simulation framework that deals with scattering of multiple particles 

embedded in layered system. The framework is based on the expansion of T-matrix method for 

multiple scattering from spherical particles70,71 and scattering matrix method for the layered system 

responses, which has already been described by Amos Egel and later translated to the free Python 

package Smuthi.72 Throughout my thesis, I used this simulation method to calculate the optical 

responses of my materials, consisting of silver particles embedded in thin films. To be consistent, 

I will keep the same notations and symbols that Amos used, but I will skip some detailed 

descriptions that is unnecessary for my thesis. At the beginning of this part, the concept of plane 

waves and spherical vector wave function as well as their transformation and translation will be 

introduced (section 1.2.1). Then, section 1.2.2 describes the layered system responses by using 

transfer matrix method and scattering matrix method. The scattering problems of particles will be 

calculated using T-matrix method and its expansion to take into account multiple scattering shown 

in section 1.2.3 and 1.2.4 respectively. Finally, a brief introduction of Smuthi code will be 

presented in section 1.2.5.           

1.2.1 Electromagnetic waves 

It is assumed that the media in this study are linear, non-magnetic, piecewise homogeneous and 

isotropic. The section will be started by the definition of the Maxwell equations for electric and 

magnetic field and the constitutive relations.  

∇ × ��⃗ �j, � = k�l�⃗ �j, � 
∇ × m��⃗ �j, � = −k�"��⃗ �j, � + n⃗�j, � 

(1.30)

(1.31)

(1.32)
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∇ ∙ "��⃗ �j, � = p�j, � 
∇ ∙ l�⃗ �j, � = 0 

"��⃗ �j, � =  � q��⃗ �j, � 
l�⃗ �j, � = r�rqm��⃗ �j, � 

(1.33)

(1.34)

(1.35)

These equations show the relation of the electric displacement ("��⃗ ), electric field (��⃗ ), magnetic 

field (m��⃗ ), magnetic flux density (l�⃗ ), external charges (p) and the current density (n⃗), in which  �, 

r�,  q, rq ,are the vacuum and relative permittivity, permeability respectively, � is angular 

frequency.    

Combining equations (1.25, 1.26, 1.29 and 1.30) and assuming that electric and magnetic fields 

have the harmonic time dependence forms. The Helmholtz wave equations for the electric and 

magnetic fields can be then constructed as 

∇ × ∇ × ��⃗ �j⃗ − \���⃗ �j⃗ = k�r�rq n⃗�j⃗ 
∇  ∙ ���⃗ �j⃗ = p�j⃗ q �  

m��⃗ �j⃗ =  1k�r�rq ∇ × ��⃗ �j⃗ 

(1.36)

(1.37)

(1.38)
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Figure 1.4. Cartesian (x, y, z), cylindrical (p, s, t) and spherical (r, u, s) coordinates systems of vector r⃗ 

and the corresponding systems (\6 , \w , \x), (&, P, \x), (\, y, P) in reciprocal space.  

 Vector wave functions. The first step is to construct plane vector wave function (PVWFs) 

and the spherical vector wave functions (SVWFs), represented in different coordinate systems as 

shown in fig. 1.4, which are basis sets of solution from the Helmholtz equations. The PVWFs can 

be defined as 

Φ{�������⃗ �&, P; j⃗ = ��}� ∙q �̂�� (1.39)

Note that the plus and minus signs correspond to waves propagated along the positive and negative 

direction of z-axis, respectively. The index j denotes the transversal electric waves (TE: j =1) and 

transversal magnetic waves (TM: j = 2), defined by the unit vector �̂�. The vector wave \ is written 

in the cylindrical coordinates (&, P, �\x) where & is the in-plane component , the t-component of 

the wavevector reads: 

\x = (\� − &� (1.40)

 

Figure 1.5. Sketch of homogeneous domain D bounded by two plane interfaces, which " =
�j|t)  � t � t�� with −∞ �  t) � t � t� � ∞ (a) and two spherical interfaces, which " =

�j|j)  � j � j�� with 0 �  j) � j� � ∞ (b). Any electromagnetic fields can be expanded in plane waves 

(a) or spherical waves (b).  
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When the refractive index of medium is real and & � \ , the PVWFs are propagating waves in the 

positive t-direction. Whereas, when & > \, \x become imaginary, the PVWFs correspond to the 

evanescent waves. 

In a homogeneous, source-free medium (D) bounded by two planes as illustrated in fig. 2a, there 

exist functions �)��&, P and ����&, P such that any divergence-free field can be constructed from 

set of PVWFs that fulfills the Helmholtz equation: 

��⃗ �j = c 1 3� 
�� \|| ���B�&, PΦ{B������⃗ �&, P; j  +  ����&, PΦ{�������⃗ �&, P; j� �

�g)
 (1.41)

In equation (1.41), 3�\|| is equivalent to 3\63\w in Cartesian coordinate or 3& & 3P in cylindrical 

coordinate.  

Fig. 1.5b illustrates a domain D that is bounded by two spherical interfaces (j) and j�). Similar to 

PVWFs, the SVWFs Ψ#�S�  can form a set of equations that fulfills the Helmholtz equation. The 

SVWFs71 are defined as: 
Ψ)�S����������⃗ �j = 1

(2��� + 1 t���\j�k�0�∣S∣�W�Nu�̂� −  ��∣S∣�W�Nu�̂����S� 
Ψ��S����������⃗ �j = 1

(2��� + 1 �t���\j\j ��� + 1��∣S∣�W�Nu �̂q

+ �}q�\jt���\j\j  �� ∣S∣�W�Nu�̂� −  k�0�∣S∣�W�Nu�̂��� ��S� 

(1.42)

 

 

(1.43)

with t���\j denotes either spherical Bessel functions for the regular solutions (F = 1) or the 

spherical Hankel functions of first kind for the outgoing solutions (F = 3). The indices (���) 

represent the polarization (� = 1: transverse electric field and � = 2: transverse magnetic field), 

multipole degree (� = 1, … ,∞) and multipole order (� =  −�, … , �) respectively. ��∣S∣�	 is the 

normalized Legendre’s function:  
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��S�	 = +�2� + 1�� − �!2�� + �! �1 − 	�S/� 3S���	3	S  (1.44)

where ���	 is the l-th Legendre polynomial, and the angular functions are 0�S�W�Nu =
��S�W�Nu/Nk�u and ��S(W�Nu) = 3��S�W�Nu/3u.  

In the domain D defined in Figure 1.5, assumed to be homogeneous and source-free medium, 

bounded by two spherical interfaces-centered at j⃗ = 0 of radii j) and j�, any field can be expanded 

in the complete form: 

��⃗ �j =  c c c �d#�S #�S�)���������⃗ �j  +  f#�S #�S�R���������⃗ �j�
Sg ��

4
�g)

�
#g)

 (1.45)

Or  

��⃗ �j =  c�de e�)��������⃗ �j  +  fe e�R��������⃗ �j4
eg)

 (1.46)

with multi-index � represents ���, and de is the incoming field coefficient at a considered particle, 

which will be determined later in this thesis, and fe is the outgoing field coefficient, which can be 

calculated from de using T-matrix method 

 Translations and transformations. As the scattering problem involves the interaction of 

electromagnetic fields with spherical and planar surfaces, it is important to transform and translate 

back and forth between SVWFs and PVWFs. Translations are also useful to express the field 

scattered by one particle in the coordinate system of another particle. 

The translation of PVWFs corresponds to a phase shift (3⃗: displacement vector): 

Φ{±������⃗ (j + 3) = ��}±∙¡Φ{±������⃗  
 (j) (1.47)

While for SVWFs, the translation can be done using addition theorem:73,74 
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  e(R)��������⃗ (j + 3) = c Eee¢(3) e¢())��������⃗ (j)e£   ¤�j |j| <  |3| (1.48)

in which Eee¢ is composed of Wigner-3j symbols whose detailed formulas can be referred to 

Egel’s thesis,69 here I skip the tedious derivatives of the coefficients.  

In addition, a PVWFs can be transformed into SVWFs as: 

 e(R)��������⃗ (j) = 120 c 1 3�\||\x\ 
�� ��S¥le� ¦±\x\  § Φ±̈������⃗ (&, P; j),�

�g)   for z ≶  0 (1.49)

and SVWFs can be written in the form of PVWFs as: 

Φ±̈������⃗ (&, P; j) = 4 c ���S¥le�¬ ¦±\x\  §e  e())��������⃗ (j) (1.50)

where the operator l is expressed as: 

le�(	) = − 1k�B) 1(2�(� + 1) �k�) +  ��� �#���|S|(	)  + �1 − #���0�|S|(	)� (1.51)

The operator l¬ is the same with l except that k is replaced by −k  
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1.2.2 Layered system  

 

Figure 1.6. Sketch of ® + 1 (Λ� → Λ°) multilayer system with layer interfaces t� and layer anchor points j� 
Figure 1.6 illustrates a multilayer system including N+1 layers (Λ�, k = 0, …, N). Each layer is 

bounded by planes t� and t�B), which are parallel to the xy-plane, and characterized by the 

refractive index �� and the thickness 3�. The first and last layer (Λ� and Λ°) are semi-infinite.  

In a homogeneous layer, where there are no sources, the electric field can be expanded as follows: 

��⃗ (j) = c 1 3�\|| 
�� ±ΦB̈������⃗ (&, P; j − j�), Φ�̈������⃗ (&, P; j − j�)² ∙ ���,�B (&, P)��,�� (&, P)�  �

�g)  (1.52)

The coefficients ��,�B (&, P) and ��,�� (&, P) are forward and backward PVWFs, defined at anchor 

point j� = (0, 0, t�) for k 9 1 and j� = j).   

 Transfer matrix method (TMM).75 In the context of studying the propagation of an 

electromagnetic field within a multilayer system, it is crucial to analyze the coefficients associated 

with the field within each layer. The TMM is used to calculate the PVWF coefficients of the 

neighboring layers, which are constructed to satisfy the boundary conditions for the parallel 

components of the electromagnetic fields: 
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���,�B (&, P)��,�� (&, P)� = ³��,�B)(&) ���B),�B (&, P)��B),�� (&, P)� (1.53)

with k = 0, the transfer matrix reads 

³��,)(&) = 1��,),�(&) � 1 j�,),�(&)j�,),�(&)  1 � (1.54)

Otherwise 

³��,�B)(&) = 1��,�B),�(&) `���}´,µ¡µ 00  ��}´,µ¡µa � 1 j�,�B),�(&)j�,�B),�(&)  1 � (1.55)

The Fresnel coefficients in amplitude can be calculated as  

with the z-component of wave vector \x,� = ¶\�� − &�, where \� = ���/W in the layer Λ�, and W is 

the light velocity in vacuum. In the case of multilayer, the forward and backward electric field 

coefficients of any two layers k) < k� can be connected to a global transfer matrix 

���·,�B (&, P)��·,�� (&, P)� = ³��·,��(&) ����,�B (&, P)���,�� (&, P)� (1.60)

with  

j�,�B),)(&) = \x,� −  \x,�B)\x,� +  \x,�B) 
j�,�B),�(&) = ��B)� \x,� −  ���\x,�B)��B)� \x,� +  ���\x,�B) 
��,�B),)(&) = 2\x,�\x,� +  \x,�B) 

��,�B),�(&) = 2����B)\x,���B)� \x,� +  ���\x,�B) 

(1.56) 

 

(1.57) 

 

(1.58) 

 

(1.59) 
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 Scattering matrix method (SMM).76 In contrast to the TMM, where it sets the relation 

between forward and backward propagating waves of two layers, SMM associates the incoming 

wave coefficients and the outgoing wave coefficients of a considered layer, enabling a more 

convenient analysis in quantifying the differences of the coefficients77 

The scattering matrix �̧ of a multilayer system from k) to k + 1 is defined as 

�̧�·,�B)(&) = ¸£  =  `¸))£ ¸)�£¸�)£ ¸��£ a (1.63)

which can be constructed in an iterative manner using the scattering matrix of the previous layer ¸ = �̧�·,�(&) and the transfer matrix of the current layer ³ = ³��·,�B)(&), starting with  

And 

³��·,��(&) =  ³��·,�·B)(&) … ³����),��(&) (1.61)

����,�B (&, P)��·,�� (&, P)� = �̧�·,��(&) ���·,�B (&, P)���,�� (&, P)� (1.62)

�̧�·,�·(&)  =  ¹1 00 1º (1.64)

¸))£ = ¸))³)) −  ¸)�³�) 
¸)�£ = ¸)�³�� − ³)� ³)) −  ¸)�³�) 
¸�)£ = ¸��³�)¸))£ + ¸�) ¸��£ = ¸��³�)¸)�£ + ¸��³�� 

 

(1.65)

(1.66)

(1.67)

(1.68)
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with ³)), ³)�, ³�), ³�� are the elements of the transfer matrix of the current layer and ̧ )), ¸)�, ¸�), ¸�� 

are the elements of the scattering matrix of the previous layer. 

 Layered system response. The transfer matrix and scattering matrix method are efficiently 

used to calculate the distribution of electric field with an external source. However, our system 

consists of particles emitting scattered field, which can be seen as internal sources. This makes the 

source free condition for the expansion of electric field in the layer is not fulfilled. Consequently, 

no plane wave expansion of the electric field exists that holds everywhere in the layer. To answer 

the question of how electric field distributed in the layered system with such internal sources. What 

we can do is to split the electric field into two parts including the excitation field ��6Z and the 

layered system response ��6Z�  of the excitation field through the layered system: 

with the ��»¼½  indicates that the excitation is only valid within the excited layer (k�6Z), and the 

exciting field can be defined as  

where t± denotes the upper and lower bound of the excitation. The layered system response can 

be specified by the coefficients ��6Z,�,��± (&, P)  

To obtain the value of the layered system response coefficients, we can use the ¾��,�»¼½ (&), which 

link the layered system response with the coefficients at the excited layer: 

��⃗ (j) = ��»¼½��6Z��������⃗ (j) + ��6Z���������⃗ (j) (1.69)

��6Z��������⃗ (j) = c 1 3�\|| ¿Φ{B������⃗ �&, P; j − j�»¼½���6Z,�B (&, P) ,     t 9 tBΦ{�������⃗ �&, P; j − j�»¼½���6Z,�� (&, P) ,     t ≤ t�
 

��  �
�g)  (1.70)

��6Z���������⃗ (j) = c 1 3�\|| 
�� ±Φ{B������⃗ (&, P; j − j�), Φ{�������⃗ (&, P; j − j�)² ∙ A��6Z,�,��À (&, P)��6Z,�,��Á (&, P)C  �

�g)  (1.71)
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with the layered system response is evaluated as: 

where  ³��·,�� is the transfer matrix defined in equation 1.61 and ¾��»¼½(&) can be deduced from 

scattering matrix method: 

1.2.3 Scattering particles in layered system 

The goal of this section is to present an approach to compute the electromagnetic field distribution 

scattered by particles located inside multilayer system. Here I only deal with spherical particles 

resided in the same layer and the incidence is plane wave illuminating from infinity. Considering 

a spherical particle ¸ at the position j7 and refractive index �7, surrounded by layer Λ� with 

refractive index of ��. The total electric field in layer k can be decomposed into four components: 

��⃗ (j) = ��µÂµÃ�ÄeÄ���������⃗ (j) + �ÄeÄ����������⃗ (j) +  c $��Å�YZU7��������⃗ (j)  +  �YZU�,7��������⃗ (j)% ,             j ∈ Ç�7  (1.75)

��e��(j) is the incoming field in the layered medium. The layered system response of the initial 

field is denoted as ��e��� (j). Whereas, �YZU7 (j) and �YZU�,7(j) represent the scattered fields from 

particle S located within the layer Λ�7 and its response from multilayer, respectively. Using 

equation 1.46, SVWFs of the electric field in equation 1.75 can be expressed as 

A��6Z,�,��À (&, P)��6Z,�,��Á (&, P)C  = ¾��,�»¼½(&) ���6Z,�B (&, P)��6Z,�� (&, P)� (1.72)

¾��,�»¼½(&) = È�³��»¼½,�(&)��) �¾��»¼½(&) + ¹1 00 0º� ,       k > k�6Z³��,�»¼½(&) �¾��»¼½(&) + ¹0 00 1º� ,              k < k�6Z  (1.73)

¾��»¼½(&)  = $1 −  � 0 ¸)��,�»¼½¸�)�»¼½,° 0 �%�) � 0 ¸)��,�»¼½¸�)�»¼½,° 0 � (1.74)
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��⃗ (j) = c(de7Ée())��������⃗ (j − j7)  +  fe7Ée(R)��������⃗ (j − j7))e  (1.76)

This total field includes direction scattered field from particle S,    

�YZU7��������⃗ = c fe7Ée(R)��������⃗ (j − j7)e  (1.77)

and incoming field of the particle S, 

�ÄeZ7�������⃗ = c de7Ée())��������⃗ (j − j7)e  (1.78)

where the incoming field at particle S consists of the initial incident field, the direct scattered field 

from other particles (S’ ≠ S) and the layered system responses of these electric fields. The next 

step is to find the relation between the incoming field coefficient (de7) and the scattered field 

coefficient (fe7) using T-matrix method. 

1.2.4 T-matrix method 

The T-matrix method is originally introduced by Peter C. Waterman78 to solve light scattering 

problem by non-spherical particle, which sets the relation between incoming field coefficients to 

scattered field coefficients:  

fe7 = c Ëee£7 de£.7  4
e¢g)  (1.79)

As discussed previously, the multi-index � accounts for the multipole degrees, multipole orders 

and the polarization. Practically, the infinite sum in equation 1.79 can be truncated at a finite multi-

index �max that corresponds to the cut-off multipole order �max, which is sufficient for the 

convergence result.     
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The T-matrix method have been continuously discussed and updated, a collection of recent 

publications about the method can be found in the paper.79 One of the method that are used to 

compute the T-matrix is Mie solution, which is applied in the case of a spherical particle. 

In order to solve the scattering problem using T-matrix method, the incoming field need to be 

defined and expanded in term of SVWFs. As mentioned earlier, the incoming field comprises of 

the initial incident field, the scattered field from other particles and the layered system response of 

initial field and all particles. Note that, in my thesis, I only use propagating plane wave as initial 

field. Description for other types of initial fields can be found in Egel’s thesis.69 The main task 

here is to find the coupling matrix Ì, Ì�, corresponding to the transformation of PWE to SWE of 

the direct coupling and layered system response, and Í, Í� representing the direct coupling and 

layered system response of the  SWE, which is illustrated in fig. 1.7. To begin with, we define the  

 

Figure 1.7. Illustration of the coupling between two particles in layered system. Yellow arrow indicates 

direct coupling, while black arrows represent the layered system response of scattered fields. 

electric field at any received point in the layer (jq�Z) illuminated by an excitation (j�6Z) within the 

same layer: 

��⃗ (jq�Z) = �Î»½,�»¼½��6Z��������⃗ +  ��6Z���������⃗ (jq�Z) 
��⃗ (jq�Z) = �Î»½,�»¼½ c deq�Z,�6ZÉe())��������⃗ (j − jq�Z)e +  c deq�Z,�,�6ZÉe())��������⃗ (j − jq�Z)e  

(1.80)

(1.81)
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 Coupling matrices for converting from PWE to SWE. In the case of direct coupling, when 

the particles are in the same layer as the source, the PVWF is first translated to the reference point 

(jq�Z) as following:   

then rewrite PVWFs in term of SVWFs using equation 1.49, and finally the direct coupling 

coefficient can be deduced as: 

deq�Z,�6Z = 4 c 1 3� 
�� \||(��6Z,�± �\||����S¥��}µ»¼½± ∙�qµ»¼½�qÎ»½�Be�¬ $±\x,�»¼½\�»¼½ % �

�g)  (1.83)

where, the plus sign denotes tq�Z > t�6Z and minus sign corresponds to tq�Z < t�6Z. Equation 1.83 

can be rewritten in the form of the PWE to SWE coupling operator as 

deq�Z,�6Z = 4 c 1 3� 
�� \||[Ìe�B (jq�Z , j�6Z; \||), Ìe�� (jq�Z , j�6Z; \||)]. ���6Z,�B (\||)��6Z,�� (\||)� �

�g)  (1.84)

where,  

Ìe�± �jq�Z , j�6Z; \||� = ���S¥��}µ»¼½± ∙�qµ»¼½�qÎ»½�Be�¬ $±\x,�»¼½\�»¼½ % (1.85)

Next, we calculate the layered system response operator. The electric field of the layered system 

response can be written through the coefficients ��6Z,�Î»½,��± (\||) as: 

��6Z���������⃗ (j) = c 1 3�\|| 
�� ±ΦB̈������⃗ �\||; j − j�Î»½�, Φ�̈������⃗ �\||; j − j�Î»½�² ∙ ���6Z,�Î»½,��B (\||)��6Z,�Î»½,��� (\||)�  �

�g)  (1.86)

where the coefficient ��6Z,�Î»½,��±  can be deduced from matrix ¾ according to Equation 1.72. 

Φ±̈������⃗ �&, P; j − j�»¼½� = ��}µ»¼½± ∙�qµ»¼½�qÎ»½�Φ±̈������⃗ (&, P; j − jq�Z) (1.82)
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A��6Z,�Î»½,��À (\||)��6Z,�Î»½,��Á (\||)C  = ¾��Î»½,�»¼½(&) ���6Z,�B (&, P)��6Z,�� (&, P)� (1.87)

Substitute the coefficient into equation 1.86 then translate the coordinate from j�Î»½ to jq�Z and 

finally transform PVWFs to SVWFs, leading to: 

deq�Z,�,�6Z = 4 c 1 3� 
�� \||���S¥.

⎣⎢⎢
⎢⎡ ��}µÎ»½À ∙�qÎ»½� qµÎ»½�le�¬ $\x,�Î»½\�Î»½ % 
��}µÎ»½Á ∙(qÎ»½� qµÎ»½)le�¬ $−\x,�Î»½\�Î»½ %⎦⎥⎥

⎥⎤ ∙ ¾��Î»½,�»¼½(&)�
�g)
∙ ���6Z,�B (\||)��6Z,�� (\||)�  

(1.88)

Introducing the notations   

y�6Z,e,�± (&) = �∓�}´,�»¼½�x»¼½�xµ»¼½�le� $±\x,�»¼½\�»¼½ % 
yq�Z,e,�±,¬ (&) = �±�}´,�Î»½(xÎ»½�xµÎ»½)le�¬ $±\x,�Î»½\�Î»½ % 

(1.89)

 

(1.90)

and the coupling operators: 

±Ìe,��B�jq�Z , j�6Z; \||�, Ìe,��,��jq�Z, j�6Z; \||�²
= 4���S¥��}||.qÎ»½,|| × ±yq�Z,e,�B,¬ (&), yq�Z,e,��,¬ (&)² ∙ ¾��Î»½,�»¼½(&) 

(1.91)

The expansion coefficient for the layered system response is then simplified as: 

deq�Z,�,�6Z = c 1 3� 
�� \|| AÌe,��,B(jq�Z , j�6Z; \||) Ìe,��,�(jq�Z , j�6Z; \||) C ∙ ���6Z,�B (\||)��6Z,�� (\||)� �

�g)  (1.92)

  Excitation by spherical vector wavefunction. A spherical vector wave expansion from an 

excitation position j�6Z is expressed as 
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��6Z��������⃗ (j) = c fe£�6ZÉe£(R)��������⃗ (j − j�6Z)e£  (1.93)

In the case of direct coupling, the particles must be within the same layer. Employing the addition 

theorem, the electric field can be expanded in term of incoming field: 

��6Z��������⃗ (j) = c fe¢�6Z c Ee¢e(jq�Z − j�6Z)e Ée())��������⃗ (j − j�6Z)e¢  
��6Z��������⃗ (j) = c deq�Z,�6Z

e Ée())��������⃗ (j − j�6Z) 

(1.94)

for |j − jq�Z| <  |j�6Z − jq�Z|, and the direct coupling coefficient is 

deq�Z,�6Z = c Íe,e£(jq�Z − j�6Z)fe£�6Z
e£  (1.95)

with the direct coupling matrix 

Íe,e¢(jq�Z , j�6Z) = Ee¢e(jq�Z − j�6Z) (1.96)

In the case of layered system response, we first transform the SVWFs into PVWFs and translate 

to the layer anchor point j�»¼½, the electric field then reads: 

��6Z��������⃗ (j) = c fe¢Ée¢(R)��������⃗ (j − j�6Z)e¢  
= 120 c c fe¢ 1 3�\||\x,�»¼½\�»¼½

 
�� ���S¢¥le¢�(±\x,�»¼½/\�_�6Z ) 

e£
�

�g)× ���}µ»¼½± ∙�qµ»¼½�qÎ»½�Φ±̈������⃗ (&, P; j − j�»¼½)  
(1.97)

for t ≶ t�6Z . Using the notation y�6Z,e¢,�± (&) defined in equation 1.89, the electric field becomes 
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��6Z��������⃗ (j)
= 120 c c fe¢ 1 3�\||\x,�»¼½\�»¼½

 
�� ���S¢¥���}||∙�q»¼½,||�qµ»¼½,||� × y�6Z,e¢,�± (&)Φ±̈������⃗ �&, P; j 

e¢
�

�g)− j�»¼½� 
=  c 1 3� 

�� \||[ΦB̈������⃗ (&, P; j − j�Î»½), Φ�̈������⃗ (&, P; j − j�Î»½)] ���6Z,�B (&, P)��6Z,�� (&, P)� �
)  

(1.98)

for t ≶ t�6Z. The coefficients are thus: 

���6Z,�B (&, P)��6Z,�� (&, P)� =  120 ���}||∙q»¼½,||\x,�»¼½\�»¼½ c fe¢��S¢¥ Ée¢(R)(j − j�6Z)e¢ ¾��Î»½,�»¼½(&) �y�6Z,e¢,�B (&)y�6Z,e¢,�� (&)� (1.99)

Next, translate the reference point of the PVWFs to jq�Z and then transform PVWFs to SVWFs, 

which allow us to find the layered system response  

deq�Z,�,�6Z = 20 c c fe¢ 1 3�\||\x,�»¼½\�»¼½
 

�� ���(S¢�S)¥��}||∙�qÎ»½,||�q»¼½,||� 
e¢

�
�g)
× ±yq�Z,e,�B,¬ (&), yq�Z,e,��,¬ (&)² ∙ ¾��Î»½,�»¼½(&) ∙ �y�6Z,e¢,�B (&)y�6Z,e¢,�� (&)� 

= c Íe,e¢� (jq�Z , j�6Z )fe£�6Z
e£  

(1.100)

which leads to the response coupling matrix  

Íe,e¢� = 20 c 1 3�\||\x,�»¼½\�»¼½
 

�� ��(S¢�S)¥��}||∙�qÎ»½,||�q»¼½,||��
�g) × ±yq�Z,e,�B,¬ (&), yq�Z,e,��,¬ (&)²

∙ ¾��Î»½,�»¼½(&) ∙ �y�6Z,e¢,�B (&)y�6Z,e¢,�� (&)� 

(1.101)
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 Multiple scattering. In the context of multiple scattering, the incoming fields at a particle S 

are coming from the scattered fields and the layered system responses of other particle S’ (S’≠S). 

The direct scattered field from S’ reads 

�7¢�����⃗ (j) = c fe£7¢
e£ Ée£(R)��������⃗ (j − j7¢) (1.102)

Translating to the incoming field at the center of spherical S as 

�YZU7¢��������⃗ (j) = c de7,7¢
e Ée())��������⃗ (j − j7) (1.103)

with  

de7,7¢ = c Íee¢(j7, j7£)e£  (1.104)

Similarly, translate the layered system response to the incoming field at the center of particle S  

�YZU�,7£���������⃗ (j) = c de7,�,7¢
e Ée())��������⃗ (j − j7) (1.105)

with  

de7,�,7¢ = c Íee¢� (j7, j7£)e£  (1.106)

Using T-matrix method to connect the incoming field coefficient to the scattered field coefficient, 

we arrive at 

fe7 = c Ëee¢7 de£7
e£  (1.107)
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with Ëee£7  is the T-matrix of particle S, and de£7  is the incoming field coefficient, which includes 

direct incident and scattered field from other particles and their layered system responses 

de7 = de7,�e�� + de7,�,�e�� + c c�Íe,e¢(j7, j7¢)  +  Íe,e¢� (j7, j7¢) �fe£7¢ 
e¢

 
7¢  (1.108)

From equations 1.107 & 1.108, we can construct a self-consistent set of equations for the scattered 

field coefficients as 

c c Ùee¢77¢fe¢7¢ =  
e¢

 
7¢ c Ëee¢7 

e¢ (de¢7,�e�� +  de¢7,�,�e��) (1.109)

with  

Ùee¢77¢ = δ77£δee£ − c Ëee¢¢7 (Íe¢¢e¢(j7, j7¢) +  Íe¢¢e¢� (j7, j7¢)) 
e¢¢  (1.110)

 

Once the scattered field coefficient is known, other quantities, such as near-field, far field and 

cross section can be determined.  

1.2.5 Near-field, far field, cross section, transmission and reflection.  

 Far field. The far field intensity of the scattered field can be determined as 

³Û,�(y, P) = 20��r� \\x�Ü�YZU,�±4 (&, P)Ü�
 (1.111)

with plus and minus sign corresponding to the field in the top layer (Λ°) with y ∈ [0, 0/2] and in 

the bottom layer (Λ�) with y ∈ [0/2, 0]  as shown in figure 1.6, and  

�YZU,�B4 (&, P) = c °�Å�7,�B (&, P) +  �7,°,��,B (&, P) 
7  (1.112)
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�YZU,��4 (&, P) = c ��Å�7,�� (&, P) + �7,�,��,� (&, P) 
7  

 

(1.113)

with the plane wave expansion coefficient (�7,�± (&, P)) and its layered system response 

(�7,°,��,± (&, P)) as = shown in equations 1.99 and 1.87 respectively. 

 

 Near-field. The near-field at any point is the sum of the initial field, scattered field of all 

particles and its layered system response, where the direct scattered field from all particles 

�YZU7��������⃗ (j) = c fe7e Ée(R)��������⃗ (j − j7) (1.114)

and the layered system response 

�7������⃗ (j) = c 1 3�\|| 
�� ±ΦB̈������⃗ �\||; j − j��, Φ�̈������⃗ �\||; j − j��² ∙ A�7,�,��À (\||)�7,�,��Á (\||)C  �

�g)  (1.115)

In the case of spherical particle, the near-field is valid even inside the particle.   

 Scattering cross sections. The scattering cross sections can be evaluated as the integral of 

the differential cross section over a solid angle (Ω(y, P)) 

ÝYZU = 1 3�ΩσÛ,ßàá(y, P) 
  (1.116)

with the differential scattering cross section is determined as 

ÝYZU = ³â,�e���) 3 〈ΦYZU,�ä〉3Ω = ³â,�e���) c ³Û,�(y, P) �
�g)   (1.117)
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and ³â,�e�� is the initial far field intensity per interface area (E), kæ is for the top (y < 0/2) or 

bottom (y > 0/2) layer and 〈ΦYZU,�ä〉 is the time-averaged radiant flux of the scattered field in 

layer k. 
 

 Extinction cross section. In the presence of plane interfaces, the extinction cross section is 

evaluated separately in transmission and reflection sides, indicating the power taken away from 

the initial field in the transmission and reflection direction. According to Egel,69 the extinction 

power in the reflection side (assume that light is coming from the bottom) reads 

〈�.ç�,�6��eZ�〉 = − 40�\x,��r� D�(E#j�#�&#���}è,µè∙qµè�YZU�,��4∗ (&/ , P/))  (1.118)

which leads to the extinction cross section in reflection 

Ý� = ³â,�e���) 〈�.ç�,�6��eZ�〉 (1.119)

Similarly, the extinction power in transmission reads 

〈��ç#,�6��eZ�〉 = 40�\x,°�r� D�(E#��#�&#���}è,µè∙qµè�YZU�,�B4∗ (&/ , P/)) (1.120)

and the extinction cross section 

Ýê = ³â,�e���) 〈��ç#,�6��eZ�〉 (1.121)

Note that in the context of scattering problem near or on planar surfaces, extinction cross section 

in transmission or reflection can be negative, suggesting the enhancement of the electromagnetic 

intensity due to the presence of the scatterers.    

 

 Transmission and reflection coefficients. All of the quantities of interest described above 

are derived without approximation from the full rigorous analytical description of electromagnetic 
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field. In most cases, those quantities are adequate to deduce the optical properties of the system. 

However, when comparing with experimental results, it would be interesting to derive the 

simulated transmission and reflection coefficients. An mathematical approximation to estimate the 

transmission and reflection coefficients using the calculated extinction cross section in 

transmission and reflection sides have been proposed.38 The transmittance coefficient can be 

calculated by dividing the transmitted power (�ê) by incident power (��), where the transmitted 

power is the sum of transmitted power by the layered system (�ê,�Uw�q) and scattered power of NPs 

within a solid angle Ω (�YZU(Ω)) minus by the extinguished power from the present of NPs (�°/). 

For the sake of simplicity, we neglect the scattered power of NPs. Mathematically, the coefficient 

can be determined as   

Ë = �ê�� = �ê,�Uw�q − �°/ + �YZU(Ω)��  
= Δ¸³ê,�Uw�q − X�6�,ê³ê,�Uw�q + �YZU(Ω)Δ¸³�  
≈ ³ê,�Uw�q³� −  ³ê,�Uw�q³�

X�6�,êΔ¸  
Ë ≈ ³ê,�Uw�q³� (1 −  X�6�,êΔ¸ ) 

(1.122)

with Δ¸ is the detector size.  

Analogously, the reflection coefficient reads   

D ≈ ³�,�Uw�q³� (1 −  X�6�,�Δ¸ ) (1.123)

Δ¸ can be seen as a normalization term and it can be chosen as the maximum calculated extinction 

cross sections.   
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1.2.6 Using smuthi 

The T-matrix-based modeling method described above was translated to the Python code: smuthi, 

which stands for scattering by multiple particles in thin-film systems. Structure of the software is 

shown in Fig. 1.8 with a comprehensive description for each building block and basic principles 

are already discussed by Egel and colleagues,72 which can be summarized into three steps: 

- Define the input of their system, including geometrical parameters and simulation 

parameters of particles, layered system and initial field.  

- Launch the program by using the command simulation.run() 

- Extract the parameters of interest, such as cross section or electromagnetic near-field using 

post-processing step.  

 

Figure 1.8. Structure and flow chart of smuthi. The figure is taken from Egel et al.72 NFM-DS indicates 

the Null-field method with discrete sources with FORTRAN code developed by Adrian Doicu, Thomas 

Wriedt and Yuri Eremin.71  

To illustrate the use of smuthi, an example with a complete script is given to calculate extinction 

cross section and the contribution of multipole resonances in reflection and transmission of a 

spherical silver particle buried in thin film, the structure of which is shown in Fig. 1.9. 
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Figure 1.9. A multilayer system with an embedded nanoparticle (diameter = 80 nm). Layers are defined 

from the bottom: Λ�, Λ), Λ� respectively, with the first interface z1 = 0 (nm) and second interface z2 = 

100 (nm)  

## IMPORT PYTHON AND SMUTHI PACKAGES 

import numpy as np 

import smuthi.simulation 

import smuthi.initial_field 

import smuthi.layers 

import smuthi.particles 

import smuthi.postprocessing.far_field as ff 

 

## DEFINE INPUT PARAMETERS 

# Single particle 

sphere = smuthi.particles.Sphere(position=[0, 0, 60], 

                                                       refractive_index = 1.52, 

                                                       radius = 40, 
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                                                       l_max=3) 

spheres_list = [sphere] 

# Define layer 

layers = smuthi.layers.LayerSystem(thicknesses = [0, 100, 0], 

                                                                   refractive_indices = [1.5, 2.0, 1.0]) 

# Define initial field 

plane_wave = smuthi.initial_field.PlaneWave(vacuum_wavelength = 550, 

                                                                          polar_angle = (180/180)*np.pi,     

                                                                          azimuthal_angle = 0, 

                                                                          polarization = 0) 

# Combine input parameters 

simulation = smuthi.simulation.Simulation(layer_system = layers, 

                                                                     particle_list = spheres_list, 

                                                                     initial_field = plane_wave) 

 

## IMPORT REFRACTIVE INDEX OF SILVER  

silver = np.loadtxt(“silver.txt") 

wavelengths = np.arange(350, 751, 4) 

n_Ag = np.interp(wavelengths, silver[:,0], silver[:,1]) 

 

## LANCH THE SIMULATION 

for i in range(len(wavelengths)): 

      simulation.k_parallel = "default" 
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      simulation.initial_field.vacuum_wavelength = wavelengths[i] 

      simulation.layer_system.refractive_indices= n_Ag[i] 

      simulation.run() 

 

       # Post processing 

      ref = ff.extinction_cross_section(simulation,extinction_direction='reflection') 

      trn = ff.extinction_cross_section(simulation,extinction_direction='transmission') 

      dipole_trn = ff.extinction_cross_section(simulation,extinction_direction='transmission', 

only_l =1) 

      quadrupole_trn = ff.extinction_cross_section(simulation,extinction_direction='transmission', 

only_l =2) 

      ref_list.append(ref.real/1e6) 

      trn_list.append(trn.real/1e6) 

      dipole_trn_list.append(dipole_trn.real/1e6) 

      quadrupole_trn_list.append(quadrupole_trn.real/1e6) 

 

In the above simulation:  

1) The layered system starts from the bottom (substrate) to the top (superstrate) with the 

thickness are Λ� = Λ� = 0, which is defined in the program as “thicknesses = [0, 100, 0]” 

(thicknesses = [Λ�, Λ), Λ�]), the refractive indices are also specified accordingly 

(refractive_indices = [�Y, �, �U] ) . The t = 0 position is defined at the interface between the 

substrate and the first layer.  

2) Incidence angle is shown in Fig. 1.9, where it illuminates from the bottom and is defined as 

“polar_angle = (u/180)*np.pi” with u is the incidence angle. In the program, I define the 
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incidence from the top at normal angle, therefore u is equal to 180 (polar_angle = 

(180/180)*np.pi).  

3) The unit in smuthi is relative and all the lengths defined for layer thickness, particle size and 

wavelength must be consistent. If the wavelength is in nanometer, the cross section will be 

in ���. In the program, all the cross-section quantities (“post processing” step) are 

converted to r�� by dividing to 106 (1e6)   

4) The multipole degree truncation (�_�d	) determined multipole expansion cutoff, implying 

that the T-matrix is truncated at the multipole degree defined by �_�d	. For example, if �_�d	 = 1, only dipolar resonance is allowed in the system, or �_�d	 = 3 means the system 

allow up to octupolar mode. In the “post processing” step, the dipolar mode in transmission 

side is extracted by specifying the parameters: extinction_direction='transmission' and 

only_l =1.   

5) The parameter “polarization” corresponds to the incidence polarization for TE (polarization 

= 0) and TM (polarization = 1)   

6) The refractive index of silver particle in the “single particle” step is arbitrary, it is overwritten 

in the “for loop” to adapt the dispersive relation of the silver refractive index. 

When using smuthi several restrictions need to be considered, which were also listed detailly by 

Egel et al.72 It should also be mentioned that the particle must be in the same layer and not intersect 

with layer interfaces, and it can create artifact when simulating diffractive structures with small 

array size as shown in Fig. 1.10. However, this issue has been addressed by other groups using 

different approach.80 Compared to other simulation approaches such as FDTD or FEM, the T-

matrix-based method is much faster. Specifically, for the system shown in figure 1.10, it is required 

about 20 minus per a simulation, while is can be extended to more than 5 hours for FDTD.   
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Figure 1.10. Illustration of artifact arising from the simulation of small array size at V = 520 ��. (a, b) 

cross section and plane view of the simulated structure with 	 = 3300 �� and í = 3420 ��. (c) 2D 

map of scattering cross section as a function of the incidence angle  

Figure 1.10c displays 2D map of scattering cross section as a function of polar angle (u) and 

azimuth angle (s). Beside the specular reflection peak (0�î) and the −1�î diffraction order peak 

from the nanoparticle array, there are several other peaks, arising from the diffraction of the 

simulated structure’s rectangular shape. This artifact appears only when the simulated size and the 

incidence wavelength are comparable. To avoid the problem, we can apply the periodic boundary 

condition along x and y directions for T-matrix method (implemented from smuthi version 2.0) or 

simply enlarge the simulated array size by duplicating the size in Fig. 1.10b. The latter is 

implemented in Chapter 4 to study the diffraction properties of our samples.    

1.3 Optical properties of plasmonic nanoparticles 

In the subsequent sections, we will delve into the critical geometric parameters governing the 

optical behaviors in visible wavelength or color responses of plasmonic nanomaterials. Within the 

scope of this thesis, the investigation will be limited to silver spherical particles, and thus the 

impact of particle shape and material composition on optical properties will not be addressed. 

Instead, this section will be devoted to investigate the optical properties as a function of particle 
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size, surrounding media, the concept of lattice resonances, and it will be finished by giving a brief 

introduction to the influence of nanoparticle organization on the optical responses.        

1.3.1 Influence of nanoparticle size 

 

Figure 1.11. Extinction, scattering and absorption efficiencies of silver particles with the diameters of 10, 

40, 70, 100 nm respectively.  The surrounding medium has the relative permittivity of 2.25  

To study the influence of particle size on the optical responses, we consider silver particles with 

different sizes surrounded by a homogeneous medium with  = 2.25 and the calculation is based 

on simulation discussed in section 1.2 with no layered system (in the simulation we can define 

layer system with two media having the same refractive indices). Figure 1.11 shows the extinction, 

scattering and absorption efficiencies of silver particles with an increasing size. Several interesting 

optical responses can be observed. First, the relative contribution of the scattering and absorption 

to the total extinction efficiency increases and decreases, respectively, when increasing the 

nanoparticle size. Interestingly, in this size range of particle, the quasi-static approximation 

discussed in section 1.1.5 is still valid to explain the optical behavior, which results from the 
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dependency of the scattering and absorption efficiency on the scaling factors of \]D] and \D 

(equations 1.25 & 1.26). Second, increasing particle size also leads to a spectral broadening due to 

the increase in the radiation damping rate,81 and a resonance red-shift, attributed to the weakening 

of the restoring force that is correlated to the accumulated charges at the particle surface and 

inversely proportional to the distance between excited negative electron charges and positive ion 

charges. Finally, multiple peaks start to arise in large particles (at lower wavelengths), which are 

associated with the higher multipolar resonances (quadrupole or  

 

Figure 1.12. Multipole decomposition and electric field enhancement at the selected wavelengths   

octupole). To better understand the nature of these multipolar resonances, figure 1.12 is provided, 

which shows the multipole decomposition and the electric near-field at dipolar and quadrupole 

resonances of two particles with different sizes. As stated previously, the contribution of higher 

multipolar resonances to the total efficiency becomes more significant for larger particles (Figure 

1.12a & d). While dipole excitation exhibits broad resonance at higher wavelength with two main 

maxima distributed on the surface the nanoparticle. On the other hand, quadrupole excitation 

shows a narrower peak at lower wavelength with four main maxima located on the surface of the 

particle, as depicted in Figure 1.12.   
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1.3.2 Influence of the surrounding media 

The surrounding medium can also influence the plasmonic resonances through the induced 

polarization. When excited by an external field, polarizations of the particle and the dielectric 

medium are induced. The latter arises from a charge accumulation in the adjacent of the particle, 

which can compensate with the induced charges from the polarized particle as illustrated in Fig. 

1.13.  

 

Figure 1.13. Illustration of the charge accumulation in the vicinity of the spherical nanoparticle in the 

media with different dielectric constants. Higher dielectric constant of surrounding medium leads to the 

increase of the induced charges in the medium, which can compensate the charge induced in the 

nanoparticle. 

Larger dielectric constant (or refractive index) of the surrounding medium results in larger amount 

of induced changes from the polarization of medium, which eventually weakens the restoring force 

leading to the red-shift of the resonances, as shown in Figure 1.14.  
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Figure 1.14. Extinction efficiencies of a silver particle with 30 nm in diameter surrounded by a medium 

with an increasing refractive index.    

1.3.3 Short-range coupling 

When nanoparticles are in close proximity, they can interact with each other through LSPR of each 

individual particle, inducing coupled plasmonic resonance,82,83 whose resonance frequency is 

strongly modified. The modification depends on the incidence polarization, interparticle gap and 

the size of particle. Figure 1.15 shows the total extinction efficiency spectra of a plasmonic dimer 

with 50 nm in diameter, embedded in homogeneous medium with the refractive index of 2.0, and 

the corresponding near-field maps at the selected wavelength. As shown in Figure 1.15a, 

decreasing the interparticle gap leads to the red-shift of the broad dipolar resonance and a slight 

red-shift of the narrow quadrupolar resonance with a strong field enhancement at the featured 

wavelengths (Fig. 1.15b & c). In contrast, the resonance wavelength for the TM polarization is 

almost insensitive to the gap, and the near-field maps indicate no coupling effect.  
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Figure 1.15. Total extinction cross-section of a dimer illuminated by TE (a) and TM (d) polarizations with 

the increasing interparticle gap (D). Near-field enhancement (total intensity) at the selected wavelengths 

for TE (b, c) and TM (e, f) polarizations. The particle size is 50 nm in diameter.     

Figure 1.15 presents a further investigation concerning the short-range coupling, specifically 

focusing on the impact of particle size. With a fixed gap of 15 nm, an increase in particle size 

causes the resonances in both TE and TM to redshift. While the shift in TM polarization is 

primarily attributed to the dependence of the intrinsic LSPRs on the particle size, the strong redshift 

in TE polarization is due to the additional contribution from the increasing of the coupled 

plasmonic resonances, as displayed in Figure 1.16c & d.           
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Figure 1.16. Total extinction efficiency of a dimer illuminated by TE (a) and TM (b) polarizations with 

the increasing particle size (R). Near-field enhancement at the resonance wavelengths for particle size of 

R = 15 nm (c) and R = 30 nm (d) with TE polarization. The interparticle gap is fixed at D = 15 nm.     

1.3.4 Long-range coupling of regular nanoparticle array.  

In addition to changing the nature of material or surrounding medium, geometrical design can also 

be used to tune the optical spectrum of metallic nanostructures. When metallic particles arrange in 

an ordered way with a distance comparable to incident wavelength, they can modify the spectral 

response and produce even higher quality of plasmonic resonance (as illustrated in figure 1.17), 

resulting from optical overlapping between localized surface plasmon resonance of individual 

particle and the long-range photonic modes. The long-range modes are either from diffraction 

waves grazing on the particle surface22,23,84–86 or guided modes in slab waveguides.87–93 The former 

is widely known as surface lattice resonance (SLR), while the latter is quasi-guided mode or 

waveguide plasmon polariton (WPP), depending on the coupling strength with LSPR.  
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Figure 1.17. Comparison of LSPR and SLR of gold particles with 80 nm in radius and 1D array with 620 

nm in period. The incident polarization is perpendicular to the array. The figure is taken from Kravets et 

al.22 

SLRs have been extensively studied using coupled dipole approximation (CDA),94,95 which were 

first applied by Laor and Schatz to demonstrate the surface enhance Raman spectroscopy (SERS) 

resulting from coupling plasmonic resonance in ensemble of metallic hemispheroid.96 Meier et al. 

and Carron et al. extended the CDA model for the regular array of metallic particles.97,98 Further 

works on using CDA explaining the narrow resonances that arise in both one-dimensional and 

two-dimensional array of nanoparticles are carried out by Markel, Zou, Schatz and co-authors.99–

101. Mathematically, CDA enables to point out the conditions that lead to SLRs, which have been 

thoroughly discussed in previous studies.102,103 Recent progresses in fabrication technique enables 

to observe extremely narrow SLRs in gold nanoparticle arrays.102,104,105 The primary reason why 

SLRs attract so much attention in the field of plasmonics and metamaterials because of its potential 

in manipulating and controlling light at nanoscale and can be observed in wide range of particle 

shapes, including metallic holes,106,107 nanorods,108–110 slits,111 disks.103,112,113 SLR-based materials 

can thus be easily applied for numerous applications in lasing,114–116, sensing,117,118, solid state 

lighting,119,120 and structural colors.11,121,122          

Unlike SLPs, where a homogeneous surrounding medium is favored, quasi-guided modes or WPPs 

require a supporting waveguide layer. The plasmonic-photonic coupling results from the 

interaction between LSPRs of metallic particles and guided modes of the supporting layer. 

Therefore, controlling this interaction can be attenable by simply changing grating period of 
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nanoparticle array, incident angle or thickness of the waveguide layer. By doing so, Liden et al123 

showed the way to tune the suppression of the light extinction arising from the destructive 

interference between incident light and waveguide modes. Taking similar approach, Zentgraf and 

co-workers89 demonstrated extremely high transparency in gold nanowire embedded in waveguide 

layer, originating from the cancelation of plasmonic resonance from the destructive interference. 

Christ et al.88 also used gold nanowire array with an dielectric waveguide to demonstrate strong 

plasmonic-photonic coupling, enabling to achieve large Rabi splitting of 250 meV, which can be 

potential in photonic band gap studies. Another interesting studies on the plasmonic-photonic 

interaction is carried out by Rodriguez et al and Zhou et al,124,125 where the scientists have shown 

how to control the strength of the coupling between LSPRs to guided modes in a slab through 

varying the waveguide thickness. Results from the studies can be promising for designing hybrid 

dielectric-metallic devices that can be used in solid-state light-emitting implementations. The 

hybrid structures can also find applications in many other areas, such as plasmonic color126,127 or 

sensing128–130.     

1.3.5 Influence of nanoparticle inhomogeneities.  

Recent advancement in self-assembly approaches37,38,131–133 enable to realize such hybrid 

structures for industrial purposes that require cost-efficiency and scalability. However, fabricating 

perfect regular array is extremely challenging, and the nanoparticle array generated by these 

techniques normally suffers from inherent imperfections, such as positional disorder and size 

distribution of metallic nanoparticles, which may affect the quality of plasmonic-photonic 

resonances. Therefore, understanding these influences is crucial for the development of scalable 

optical devices with desired attributes. Many previous studies have been devoted to unveil the 

material disorder and size dispersion effect on the spectral properties.131,132,134–138 Generally, the 

spatial randomization suppresses the coherent scattered field of nanoparticle array leading to the 

weakening of the coupling effect, manifesting itself as the increase and decrease of extinction dips 

and peaks respectively.22 The weakening of the extinction peak is also observed when particle size 

is dispersive, related to the reduction of scattering intensity of small particles leading to low 

contribution to the coherent far field coupling.    
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In chapter 3, the influence of the inhomogeneities on the optical response will be investigate in 

more detail using a specific study case i.e the self-organized nanoparticle array induced by laser. 

In addition, questions about the effect of array size on optical properties and the adequacy of the 

simulated disorder array compared to experiment data will also be addressed.    

     

  

  

 



47 

2  Experimental techniques  

This section provides a brief overview of the experimental techniques used in this thesis, including 

the preparation of Ag: TiO2, continuous and nanosecond laser processing. We also show how the 

colors of the sample are characterized and transformed to different color spaces. Finally, it will 

end by showing how to print plasmonic images using laser processing.  

2.1 Sample preparation 

 

Figure 2.1. Illustration of the sample preparation process.  

In the first step, the mesoporous of amorphous TiO2 films (Fig. 2.1 a) are prepared by a sol-gel 

process.139,140 The initial film contains a mixture of titanium tetraisopropoxide (TTIP, Aldrich; 

97%), acetylacetone (AcAc, Aldrich; 99%), hydrochloric acid (HCl, Roth; 37%), ethanol (EtOH, 

Carlo Erba; absolute), Pluronic P123 (Aldrich; MW: 5000) and de-ionized water (H2O) with the 

molar ratios are controlled at TTIP/P123/ethanol/HCl/H2O/AcAc = 1:0.025:28.5:0.015:29.97:0.5. 

The films are dip-coated and annealed at 340℃ with the resulting thickness of 230 ± 50 nm. In the 

next step, silver ions are loaded into the TiO2 films by soaking the films using an aqueous 
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ammoniacal silver nitrate solution (Fig. 2.1b). Then, the films are rinsed with deionized water and 

dried in the dark at room temperature for 12h. After being exposed to UV light (400 rÍ. W��� 

and a wavelength of 254 nm) the films become transparent, colorless (Fig. 2.1c) and small silver 

nanoparticles are formed with the initial size distribution around 2nm (Fig. 2.1d). Before being 

processed by laser (Fig. 2.1e), the films are stabilized with UV-Visible light cycles to achieve color 

stability.139,140     

2.2 Laser printing set-ups 

After the preparation, the films are now ready for laser processing. The materials undergo several 

physicochemical processes during laser exposure, which result in nanoparticle growth and sample 

modification.49,50 The resulting samples strongly depend on the laser parameters and of course, the 

type of laser used. Nanosecond lasers can generate high peak power with low average power when 

compared to continuous lasers, which have a relatively higher constant laser power. Using different 

lasers, therefore, can lead to very different opto-structural properties,47,52,53 which will be discussed 

by studying the optical properties of samples illuminated by continuous laser in Chapter 3 and by 

nanosecond laser in Chapter 4. This section will be followed by the introduction of using 

continuous laser and nanosecond laser.    

2.2.1 Continuous laser 

 

Figure 2.2. (a) Illustration of the cw laser setup. The sample is fixed on the translation stage illuminated 

by a Gaussian laser beam which is normal to the sample surface. (b) Laser marking lines at 9 different 
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focuses with a constant scan speed of 800 ��/N and laser power of 280 rÍ. (c) Gaussian beam profile 

and the definition of the beam width at 1/�� of the maximum intensity.  

For the continuous laser setup, we use an Ar-Kr CW laser with a slight focus under normal 

incidence on the sample surface by a 10x microscope objective (Olympus MPlan N, N.A 0.25). 

The samples are placed on a translation stage and moved at constant speeds as illustrated in Fig. 

2.2a. The wavelength of laser beam can vary from 457 nm to 647 nm and the intensity of the laser 

beam has a Gaussian shape with the beam width (at 1/e2 intensity) is measured at around 12.7 r� 

(Fig 1.14c). The beam width can be tuned by moving the translation stage along z-axis, which can 

modify the sample differently. Figure 2.2b shows illustration of laser inscription of nine induced 

lines with different focuses while keeping laser power and scan speed constant. The change of the 

sample due to the variation of laser focus results in different color appearances.          

2.2.2 Nanosecond laser 

 

Figure 2.3. Sketch of nanosecond laser setup.  

A nanosecond fiber laser, with a pulse duration of 1.3 nm at 532 nm from IPG photonics, is used 

to scan on the material surface equipped with a galvanometric mirror scanner head (Sunny 

Technology). The laser is focus on the sample by using a 16 cm F-Theta lens with a focused laser 

spot size of 13.5 r� and is linearly polarized using a Brewster angle polarizer, where the 
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polarization can be controlled by using a half-wave plate (as shown in Fig. 2.3). The laser fluences 

can be calculated from the relation:  

with � is laser power, ¤q�#(mt) is the repetition rate, r is the beam radius at 1/��.   

 

Figure 2.4. Description of laser marking lines. (a) Illustration of horizontal laser marking lines with 

distance between the lines is dy. (b) Illustration of diagonal laser marking lines with the distance between 

the lines is dy.   

To mark on the sample surface, CS Mark (Sunny technology) commercial software is used to 

control the laser beam and scanner head, which can tune laser power, scan speed, and repetition 

rate. Dots, lines, rectangles, and circles are some of the marking shapes that can be drawn. In this 

thesis, we only use lines to draw our color databases or plasmonic images; drawing with dots can 

be found in Dalloz et al.38 Figure 2.4 illustrates laser marking lines, where each pixel (with the size 

of �) is printed by marking laser lines with the inter-distance of 3í, oriented along horizontal axis 

(Fig. 2.4a) or diagonal axis (Fig. 2.4b). The distance between each pixel is 3�.    

ð = 2�¤q�# × 0j� (ñ/W��) (2.1) 
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2.3 Color characterization 

2.3.1 Color acquisition 

Colors of the sample are measured using a homemade setup, where an RGB camera (Basler 

ac2500-14gc) equipped with a telecentric lens captures the image of the sample. Sample can be 

illuminated by a light source in transmission side or reflection side with an incidence angle of 0°
 

and 16° respectively. In this setup, the light sources are fixed while the sample can be rotated 

around 	-axis to change the incidence and observation angles (Fig. 2.5). Thus, in transmission 

mode, both angles are equal to 0° while in reflection mode, they are equal to 16°. When measuring 

sample dichroism, an analyzer is added between the sample and the telecentric lens with the optical 

axis parallel to the ít-plane. Two polarized images (in transmission or reflection modes) are taken 

with the optical axis being parallel to ít-plane and 	í-plane. In diffraction mode (the analyzer is 

not used), sample can rotate around 	-axis so that the -1 diffraction order from the sample can be 

captured by the camera with the same light source in reflection mode. The front and back side 

reflection modes correspond to the configuration when the superstrate and substrate are facing 

with the light source respectively.      

 

Fig. 2.5. Color acquisition setup. The setup is depicting the reflection mode, the transmission mode 

corresponds to the sample when it aligns with the dashed rectangle.     
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2.3.2 Color transformation141,142 

The colors captured by the camera are represented in RGB color space. However, there is interest 

in converting RGB color space to L*a*b* because the latter is designed to match with human 

vision and is device-independent, making it ideal color space to work with for color management 

and color matching applications.   

The first step is to convert the measured RGB to three tristimulus values XYZ using the relation 

as followed: 

The chromaticity (	, í) can be derived from the tristimulus values as: 

Finally, L*a*b* color space can be calculated using the following equations: 

where 

AXóôC =  A0.412453 0.357580 0.1804230.212671 0.715160 0.0721690.019334 0.119193 0.950227C ARölC (2.2) 

	 = ÷÷ + ó + ô , í =  ó÷ + ó + ô (2.3) 

⎩⎪⎪
⎨
⎪⎪⎧ ¾∗ = 116ð ¦ó�óe§ − 16

d∗ = 500 üð ¦÷�÷e§ − ð ¦ó�óe§ý
f∗ = 200 üð ¦ó�óe§ − ð ¦ô�ôe§ý

 (2.4) 
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In the above equation, ¾∗ represents the lightness of the color d∗, f∗ correspond to the color 

positions between red and green, yellow and blue respectively, and ÷e = 95.0489, óe =100, ôe = 108.8840 are three tristimulus values of the D65 illumination. 

2.4 Sample characterizations 

2.4.1 AFM 

Sample surface topography are measured using a Bruker Icon atomic force microscope (AFM). 

The AFM functions on the principle of force-based scanning probe microscopy. Its key 

components include a sharp, atomically terminated tip attached to a flexible cantilever and a 

precisely controlled piezoelectric scanning stage. The tip interacts with the sample surface, and the 

resulting mechanical forces are transduced into electrical signals via the deflection of the 

cantilever. These signals are subsequently processed to create topographic images of the sample 

with sub-nanometer resolution.  

In this thesis, AFM is used to attain the three-dimensional surface morphology and cross section 

surface profile to reveal the periodicity of the investigated surface as shown in Figure 2.5.  

ð(�) =  
⎩⎪⎨
⎪⎧ �)R,   � > ¦ 629§R        13 ¦296 §� � + 49 , otherwise 

 (2.5) 
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Fig. 2.5. an AFM 3d surface topography and the corresponding surface profile.     

2.4.2 SEM 

The top views of the samples in this thesis are measured with a FEI Nova nanoSEM 200 scanning 

electron microscope (SEM) in low vacuum mode with a helix detector. Its working principle 

involves the emission of a focused electron beam onto the sample surface. When the electrons in 

this beam interact with the specimen, various signals are generated, including secondary electrons 

(SE) and backscattered electrons (BSE). The Nova nanoSEM 200 utilizes detectors to capture 

these signals, with SEs providing detailed topographic information for surface imaging, and BSEs 

offering compositional contrast. An example of sample top view captured using the SEM is shown 

in Figure 2.6.   

   

Fig. 2.6. Top view SEM image.     
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2.4.3 STEM 

Cross-sections of the samples are characterized using Jeol Neo ARM 200F, operating by focusing 

a high energy electron beam onto a specimen, enabling sub-angstrom probe sizes for precise 

imaging. As the electrons interact with the specimen, they undergo various scattering processes, 

generating transmitted electrons that form diverse types of scanning transmission electron 

microscopy (STEM) images, such as bright-field, dark-field and high-angle annular dark-field 

images.  

The cross-sections are taken at 200kV and the lamellas suitable for top-view imaging were 

fabricated using the FEI Helios 600i instrument via focused ion beam (FIB) techniques. Figure 2.7 

shows examples of top view and cross section of a sample.  

   

Fig. 2.7. (a) Plane-view and (a) cross-section HAADF-STEM images.     

2.4.4 EDS 

The Jeol Neo ARM 200F, equipped with a series of Jeol detectors (Jeol-EDS SDD), Gatan devices, 

and various sample holders, enables the acquisition of energy-dispersive X-ray spectroscopy 

(EDS) mappings for elemental composition analysis. The fundamental working principle behind 

EDS involves the capture of characteristic X-rays emitted by a specimen upon electron beam 

excitation. These emitted X-rays are efficiently collected by a semiconductor detector and 

subsequently converted into electrical signals. Within the EDS analyzer, these signals are further 
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processed, transformed into pulse currents, where their amplitudes correspond to the energies of 

the detected characteristic X-rays. These currents are measured through a multi-channel pulse-

height analyzer, with each channel associated with a specific element. The resulting EDS spectrum 

provides precise quantitative data on the elemental composition of the specimen, facilitating 

nanoscale elemental analysis and mapping, as illustrated in Figure 2.8. 

 

Fig. 2.8. (a) Cross-section HAADF-STEM image and (b) EDS chemical analysis.     
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3 Hybridization between plasmonic and photonic 

modes in laser-induced plasmonic metasurfaces 

Plasmonic metasurfaces made of perfectly regular 2D lattices of metallic nanoparticles deposited 

on surfaces or close to waveguides can exhibit hybridized plasmonic and photonic modes. The 

latter arise from the excitation of surface or guided modes through the coherent scattering of 

periodic arrays. Recently, laser induced self-organization of random plasmonic metasurfaces has 

been used to create nanoparticle gratings embedded in protective layers.37,38 Despite the broad size 

distribution and positional disorder of nanoparticles, the resulting nanostructures exhibit strong 

coupling between plasmonic and photonic modes in transverse electric polarization, leading to 

dichroism, which is well-reproduced from one laser printing to another. Here, we examine 

quantitatively the effect of inhomogeneities at the nanoscale on the hybridization between 

localized plasmonic modes and delocalized photonic modes by considering realistic laser-induced 

self-organized nanoparticle arrays embedded in a two-layer system. By referring to regular 

samples, we describe the optical mechanisms involved in the hybridization process at characteristic 

wavelengths, based on far and near field simulations. Two kinds of real samples are considered, 

featuring different levels of coupling between the plasmonic and photonic modes. The results 

demonstrate that controlling the statistical properties of plasmonic metasurfaces, such as the 

nanoparticle size distribution and average position, over areas a few micrometers wide is enough 

to control in a reproducible manner the hybridization mechanisms and their resulting optical 

properties. Thus, this study shows that the inherent irregularities of laser-induced self-organized 

nanostructures are compatible with smart functionalities of nanophotonics, and confirms that laser 

processing has huge potential for real-world applications. 

3.1 Introduction 

A regular arrangement of metallic nanoparticles can produce a coherent scattered light. The latter 

may couple to guided modes of a waveguide or generate diffracted orders grazing on the plane of 

the nanoparticle array. These excited photonic modes may then interact with localized surface 
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plasmon resonances (LSPRs) of individual nanoparticles to create hybrid plasmonic photonic 

states.22,23,86–89,92,118,123 Tailoring this coupling effect enables the design of biosensing 

materials,118,129 refractive index sensors,143 photovoltaic devices144 or light emitting diodes.145,146 

In addition, the interaction of resonance modes can modify the spectra at visible wavelengths and 

be used for color applications.11,40,121,122,147–149 Many efforts have been devoted to the development 

of nanofabrication techniques to utilize these hybrid plasmonic photonic materials in large-scale 

industrial applications.131–133,143,150,151 Recently, lasers have been employed to produce 

nanomaterials that support hybrid modes and, which demonstrated high performance for a secured 

color printing technique referred as printed image multiplexing. Up to four multiplexed images 

were encoded in a single metasurface for four independent visual observation conditions under 

white light.37,38 This ability to encode multiplexed images results from the dichroic properties of 

the laser processed samples, which exhibit self-organized silver nanoparticle arrays embedded in 

a high index thin film.47,52,53 The advantages of using laser-based techniques are their scalability, 

cost-effectiveness and flexibility. Unfortunately, the resulting nanoparticle arrays normally suffer 

from intrinsic imperfections from self-organization processes, which include size dispersion and 

spatial disorder. Despite this randomness at the nanoscale, the optical properties of samples at the 

macroscopic scale, such as their color in specific observation modes or their dichroism, are 

reproducible from one laser printing to another when the processing parameters are maintained 

constant. The effects of randomness at the nanoscale in these laser-induced systems on the 

electromagnetic coupling are not yet clear and remain an open question. In order to continue to 

develop applications of laser-induced nanomaterials, it is important to determine how tolerant their 

optical responses are to the intrinsic inhomogeneities of the laser process.    

In this chapter, we demonstrate the existence of hybrid plasmonic and photonic modes in self-

organized quasi-random plasmonic metasurfaces generated by continuous wave laser despite the 

presence of structural inhomogeneities. Experimental spectra are compared to simulation results 

where real-like structures are considered. A numerical study performed on real-like structures and 

regular structures, in which array size, spatial disorder and size dispersion are progressively 

increased, is carried out to estimate their impact on the structure optical response and prove the 

sufficiency of real-like sample in reproducing the statistical properties of the real material. The 

comparison with experimental results then allows to quantify the effect of inhomogeneities in the 
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laser-induced metasurfaces. The chapter then highlights the different plasmonic and hybrid modes 

that shape the visible spectra and compare the coupling effect in real-like and regular structures at 

the near-field scale. Two real samples are investigated, which exhibit different nanoparticle size 

distributions and support different degrees of coupling, to show that this laser technique can control 

the coupling strength by simply tuning the processing parameters. The laser-based method reported 

here shows great potential for mass manufacturing of nanomaterials with smart functionalities, 

which can be applied to anti-counterfeiting or other security purposes.                            

3.2 Laser-induced self-organized nanoparticle arrays 

Mesoporous films of amorphous TiO2 containing silver ions and nanoparticles (NP) are processed 

by a continuous wave (cw) laser slightly focused on the film and moving at a constant speed. Two 

laser-processed samples are investigated in this chapter since they exhibit very different 

nanoparticle size distributions and average nanoparticle grating periods. The first one (Figure 3.1a) 

is irradiated at 488 nm wavelength and the second one, investigated later in the chapter, at 647 nm. 

Experimental details are given in the Chapter 2.47,152 As shown in Fig. 3.1a, the laser processing 

induces the growth of silver nanoparticles with a broad size distribution (Figure 3.2a) along a self-

organized periodic structure, whose average period is Λx = 300 ± 40 nm. Silver nanoparticles are 

embedded in an intermediate thin film made of a blend of SiO2, from the substrate, and TiO2 from 

the initial mesoporous film (Figure 3.1b and Figure 3.2c). The average thickness of this film is d2 

= 100 nm. This intermediate layer is covered by a layer containing TiO2, mainly in the form of 

anatase nanocrystals (Figure 3.2c). The origin of such self-organized nanostructures and the 

mechanisms leading to this broad size distribution were discussed in some of our previous 

papers.49,50,152–154 The present chapter focuses on the study of the influence of the array size, size 

dispersion and spatial disorder at the nanoscale on the optical responses of these laser-induced self-

organized metasurfaces. The present sample exhibits a strong dichroism in transmission with a 

spectrum showing a single broad dip at 480 nm wavelength for TM polarization (perpendicular to 

the grating lines) and two dips at 440 nm and 580 nm for TE  
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Figure 3.1. (a-b) Transmission electron microscopy micrographs of a Ag NP:TiO2 metasurface induced by cw laser 

at 488 nm wavelength. (a) Plane and (b) cross-section views of the sample. A two-layer system appears above the 

glass substrate. The top layer contains mainly TiO2 nanocrystals and the intermediate layer is made of silver 

nanoparticles (in white) embedded in a blend of SiO2 and TiO2. (c) Extinction, which is calculated as 1 – T 

(Transmission coefficient), of the sample measured for TE (electric field parallel to the grating lines) and TM 

polarizations under normal incidence. (d) Plane view (imported from Fig. a), (f) cross-section and (g) 3D view of the 

real-like sample used in the simulations. All nanoparticles are inside the intermediate layer and tangent to the top 

layer interface. (e) Plane view of the regular sample used for comparison. The latter has the same layer structure as 

the real-like sample except that the nanoparticle array is periodic with periods along x-axis and y-axis of Λ6 = 300 

nm and Λw  = 180 nm and the nanoparticle diameter equals 90 nm. In regular sample, Λ6 is chosen to be equal with 

the average periodic of the grating lines of realistic sample, while Λw  is chosen to have a consistent simulation 

results with the realistic sample. The vectors represent the incident wave vector and the two considered 

polarizations. (h-i) Calculated extinction cross sections in transmission side of (h) the real-like sample and (i) the 

regular one for TE (blue) and TM (orange) polarizations. The scale bar in (a) is 1 μm and is the same in (d) and (e). 
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polarization (Figure 3.1c). This spectrum can be reproduced at different places on the sample by 

using the same laser processing parameters. It is therefore independent of the particular ensemble 

of nanoparticles induced with a certain randomness by the 12.8 µm wide laser beam (diameter at 

1/e²), and only dependent on statistical properties of the quasi-random nanostructures. 

In order to investigate the optical properties of the material, we create a model with a realistic 

sample that reproduces the layer structure and the nanoparticle distribution of the real sample 

(Figure 3.1d and Figure 3.1f-g). The refractive indices of the two layers are optimized to match  

 

Figure 3.2. (a) Size distribution. (b) Raman spectrum of the sample after background removal.155,156 (c) 

Chemical analysis of the sample cross-section by annular dark field (ADF) electron microscopy and 

energy-dispersive spectroscopy that highlights Ag, Ti and Si atomic content. Dashed white lines indicate 

the layer interface. Sample irradiated by the laser at wavelength of 488 nm, power of 250 mW and scan 

speed of 300 μm/s 
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the simulations with the experimental results, while being coherent with the information given by 

Raman spectroscopy and energy dispersive microscopy (Figure 3.2b & c). The simulated 

extinction cross-section spectra of the realistic sample are shown in Figure 3.1h and are consistent 

with the experimental results of Figure 3.1c. These results and those of Figure 3.3, where the  

 

Figure 3.3. Experimental extinction of the real sample (1 - T) and simulated extinction cross section in 

transmission side of the real-like and regular samples for TE and TM polarization under different 

incidence angles.  

incidence angle is varied, confirm the choice of the refractive index values in the simulations, 

which are 1.50 for the glass substrate, 1.65 for the intermediate layer and 2.00 for the top layer 

(Figure 3.1g). A regular structure is then considered to better highlight, later on, the underlying 

phenomena at the origin of the observed dichroism in the laser-induced samples (Figure 3.1e). 

This regular structure has the same parameters as the realistic sample except that the nanoparticle 

array is periodic, and the nanoparticle diameter is fixed as described in the caption of Figure 3.1. 

The spectral variations of the extinction cross section of the regular sample exhibit multiple 

shoulder peaks (Figure 3.1i), attributed to the multipolar resonances of the metallic particles 
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(Figure 3.4). Their absence in the spectra of the realistic and true samples is due to the 

inhomogeneity broadening. The strong dichroism that occurs in the self-organized metasurface 

originates from the coupling between plasmonic and photonic modes, as will be further discussed 

when studying the near field. In the next section, we investigate the influence of total array size on  

 

Figure 3.4. Multipole decomposition of the extinction cross-section for TE and TM polarization of real-

like sample (a-b) and regular sample (c-d) respectively. 

the optical responses, the array sizes required for the study of hybridization at different level of 

disorders, and how spatial disorder and size distribution affect the coupling effects.    
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3.3 Effect of the opto-structural parameters on collective resonances 

Here, we would like to highlight that imperfections inherent to laser-induced structuring are 

compatible with the excitation of collective resonances. The first question that arises when doing 

electromagnetic simulations of NP assemblies is to know how many NPs should be considered to 

 

Figure 3.5. Spectral variations of the extinction efficiency for TE polarization. (a) for various number of 

particles of the regular array. The number of particles in x and y is set to have approximately a square 

array and the array periods are kept at Λx = 300 nm, Λy = 180 nm. The particle diameter is 90 nm. (b-c) 

Extinction efficiency for arrays (described in Figure 3.6) where the positional disorder increases along x-

axis and y-axis respectively from 1 to 5. (d) Relative standard deviation of extinction efficiency for each 

array size as a function of degree of disorder. (e) Extinction efficiency of ten different simulations of 

array with NP = 160 and x-disorder = 20%. (f) Average extinction efficiency of TE polarization (ten 

simulations for each array size) at x-disorder = 20%. 
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provide reliable simulation results. Figure 3.5a shows the extinction efficiency Q���,� of regular 

matrices for different numbers of NPs per array. Q���,� � �	
�,��∗���, where C���,� is the extinction 

cross-section in transmission side, Np is the number of the particles in the array and R is the particle 

radius. It allows to better compare the results obtained for different numbers of NPs. When 

increasing the number of particles in the regular array, the peaks at 418 nm and 594 nm become 

more pronounced as well as the dip at 494 nm, evidencing the collective behaviors of the NPs 

array at these wavelengths. On the other hand, the peak at 447 nm, which is attributed to the 

quadrupolar resonance, remains insensitive to the array size. In addition, the optical response starts 

to reach the saturation at array of NP = 640. Therefore, in the next simulations introducing spatial 

disorder and size distribution (Figure 3.5b, c & Figure 3.7), the particle number is set to 640. 

 

Figure 3.6. Introduction of disorder in the regular structure. Histogram of the distance from the periodic 

array of the nanoparticle center along x or y and the spatial distribution of silver nanoparticles in the 

simulated structure. The disorder is increasing from the top to the bottom row by broadening the position 

histograms (5 – 35%) for x-disorder (a, b, c) and y-disorder (d, e, f), respectively. 
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Spatial disorder is introduced by a random displacement of each nanoparticle along the x or y axis 

(Figure 3.6). An increase in the spatial disorder corresponds to a wider standard deviation of the 

displacement histograms in x and or y. Simulations (Figure 3.5b) show that when the x-disorder 

increases, the extinction efficiency at 418 nm and 594 nm attenuate and shift toward the position 

of the dip, and extinction efficiency of the dip at 494 nm increase. At high level of disorder, the 

peaks and dip start to merge together and the extinction spectrum tends more and more to the one 

of a single nanoparticle. The long wavelength peak is characteristic of a hybrid plasmonic 

resonance and corresponds to a strong enhancement of the absorption by the LSPR at a wavelength 

where constructive interferences occur between the waves scattered by each period in the sample 

plane. These constructive interferences are due to fact that the field scattered by the NPs arrives in 

phase with the incident field on the adjacent NPs.22 The higher the disorder, the more random is 

the phase difference between the scattered fields by the rest of the array and the incident field on 

each NP, which reduces the collective effect on the absorption enhancement. Conversely, the 

relative amplitude of the quadrupolar resonance (at 450 nm) slightly increases to reach the one of 

a single particle. In contrast to x-disorder, increase the disorder in y-axis doesn’t change the 

positions of the peaks and dip (Figure 3.5c). Even the extinction of the peaks at 418 nm and 594 

nm is slightly decreased, the dip at 494 nm remain visible regardless of the y-disorder. This 

behavior is very similar to the size distribution shown in Figure 3.7. Because of the small particle 

size in the size distribution simulation, the quadrupolar mode is absent, and the width of the 

resonance peak is narrower linked to the decreased radiation damping of the resonance.65,157 The 

results from Figure 3.5b, c and Figure 3.7 demonstrate that the regularity along the x-axis is the 

most crucial parameter that govern the coupling behavior when compared to the others. Therefore, 

in the following investigations we will vary particles along x-axis while keeping particle size (D 

= 90 nm) and y-disorder = 0%. 
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Figure 3.7. (a) Extinction efficiency for size distribution with the mean diameter of 60 nm. (b, c) 

Histogram and nanoparticle array of 20% size disorder, respectively. The higher disorder corresponds to 

broader histogram. When varying the size, we keep the regular position of nanoparticles. 

 

Figure 3.8. Spectral variation of ten different NP = 160 arrays at each degree of disorder, with increasing 

x-disorder from 5% to 40%. 

When disorder increases, the results start depending on the particular arrangement of NPs 

considered in an array. The higher the array size, the more reproducible is the simulated spectrum 

for different arrangements with the same degree of disorder. To limit the calculation time, we limit 

the NP number per array to 1000 and we average over 10 different arrangements. Figure 3.5d gives 

an estimate of the error with which the average spectra for a given x-disorder is calculated when 

considering various NP numbers per array. This error is calculated by using the relative average 
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standard deviation of the calculated spectra. Ten simulations with different spatial distributions are 

carried out for each disorder value and array size (see Section 7.1 for detail equations). As shown 

in the figure, to maintain reliable simulation results when the disorder increases, higher numbers 

of NPs must be considered in the arrays. Figure 3.5e show 10 spectra calculated with different 

arrangements and the same degree of disorder (20 %) and NP number (160), which corresponds 

to an average relative error of 7 %. Figures 3.8 and 3.9 provide further simulations about the 

spectral variation as a function of disorder and array size, respectively. Figure 3.5f, which can be 

compared to Figure 3.5a, shows the average spectra simulated for 20 % of x-disorder and an 

increasing number of NPs. The spectra converge from 640 NPs and the difference between 160 

NPs and 640 NPs corresponds only to an average relative error of 4.5%. 

 

Figure 3.9. Spectral variation of ten simulations for arrays with increasing size from NP = 40 to NP = 

1000 at x-disorder = 20%. 

Turning to the question of whether the array size and spatial disorder of real-like sample in Figure 

3.1d are precise enough to provide reliable optical response of the real sample, we first quantify 

the disorder degree of the real-like sample. As shown in Figure 3.10, by comparing the histogram 

and plane view of a generated array, the disorder level of real-like sample is determined as being 

~20% along the x and y axes. In addition, the array size is equivalent to an array of 160 NPs, which 

corresponds to a relative average error of 7 %. In conclusion, the statistical optical properties of 
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real samples can be well-reproduced by a few micrometers wide real-like sample and the collective 

effects are still largely present in the laser-induced self-organized metasurfaces despite the intrinsic 

inhomogeneities. In the next section, we will investigate the underlying mechanisms of these 

collective behaviors using simulations from real-like sample, which only arise for TE polarization.     

 

Figure 3.10. Histogram and nanoparticle array (a) for real-like sample and (b) for a generated sample with 

x-disorder = 20% and y-disorder = 20%.   

3.4 Coupling between plasmonic and photonic modes 

To undoubtedly highlight the optical mechanisms that occur at characteristic wavelengths, we 

compare further the optical properties of the real-like sample (Figure 3.11b.3) under TE 

polarization with the ones of the regular sample (Figure 3.11a.3). As already described in Figure 

3.1, their extinction cross-section spectra (Figure 3.11a.1 and Figure 3.11b.1) exhibit a similar split 

of the dipolar plasmon mode, characterized by two peaks and a dip, which are identified by vertical 

dotted lines in Figure 3.11a.1 and Figure 3.11b.1. In addition, the regular sample shows the peak 

of the quadrupolar plasmon mode at 450 nm, which does not appear for the real-like sample since 

it is merged with the first blue-shifted peak of the dipolar contribution (Figure 3.4a). To confirm 

the quadrupolar nature of the peak at 450 nm, Figure 3.11a.6 and Figure 3.11a.10 display the near-

field distribution in plane and cross-section views at this wavelength, which shows four symmetric 

maxima on the nanoparticle surface, including two maxima shown in cross-section (Figure 

3.11a.6) and two maxima shown in plan view (Figure 3.11a10). On the regular sample, the dip at 

around 494 nm results from the interference between the incident wave and guided modes of the 

double layer structure excited through diffraction by the nanoparticle grating. This interference  
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Figure 3.11. Spectral variations of Cext,T under normal incidence for (a.1)  the regular and (b.1) real-like 

sample. The vertical dashed lines indicate the wavelengths at which the near field is calculated below. 

Spectral and angular maps of Cext,T for (a.2) the regular and (b.2) real-like sample. The white dashed lines 

indicate the guided modes excited by ±1 diffraction orders. Plane view of the (a.3) regular and (b.3) real-

like NP arrays. (a.4) Pole of the reflection coefficient R of the two-layer system without nanoparticles. 

(a.5-12, b.4-9) cross section and plane view of the near field intensity distribution at selected wavelengths 

(shown in Fig. a.1 and b.1 respectively). The near-field intensities shown in plane view are calculated on 

the white dashed dotted lines drawn in the cross-section pictures. The near-field intensities shown in cross 

section are calculated on the red lines in Figure a.3 and b.3. The black dashed lines indicate the layer 

interfaces. All calculations are implemented for TE polarization. 
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creates a standing wave pattern, where nanoparticles reside at the nodes, i.e. the positions of 

minimum intensity (Figure 3.11a.7 & 11). Similar observations were already reported many 

times89,91 and can be explained by the π phase shift of the scattered field at the nanoparticle surface 

compared to the incident wave.123 Correspondingly, the field enhancement and absorption at the 

nanoparticle surface are almost null and the material is almost transparent at this wavelength. As 

demonstrated by Amra et al.,158 (Section 7.2) the effective refractive index of guided modes that 

can propagate in a multilayer structure corresponds to the complex poles of the reflection 

coefficient of the structure. Figure 3.11 a.4 shows the reverse reflection coefficient of the two-

layer structure as a function of the effective refractive index. As we know that the field is negligible 

on nanoparticles at the considered wavelength, we assume in this simulation that the intermediate 

layer is nanoparticle free. The results show that one guided mode can propagate in the structure, 

and lead to an effective index ne = 1.59. Assuming that this guided mode is excited through the 

first diffraction order of the 300 nm period grating of nanoparticles, one can deduce the wavelength 

at which the excitation should occur: λ = Λ*ne = 300 *1.59 = 477 (nm). This value points out the 

beginning of the plateau where Cext,T is minimum on Figure 3.11a.1, and is then compatible with 

the rigorous calculation of the scattered field. Comparing now the near field distribution of the 

real-structure with the one of the regular sample at the position of the calculated guided mode (477 

nm), the similarities are striking despite the heterogeneities of the real-like structure (Figure 

3.11b.5& 8). One can thus conclude that the dip in the Cext,T  spectrum of the real-like structure 

also results from the excitation of a guided mode in the structure, whose effective index is 

considered to be also equal to 1.59 in the following discussion. 

 

Actually, two guided modes can propagate in the structure, one going to the right, the other to the 

left. Under normal incidence, the wavelength at which these two modes are excited is the same. 

But under oblique incidence, according to the grating equation (Equation 3.1), the left (or 

backward) and right (or forward) modes are excited by two different wavelengths λ±. 

V± = Λ �� − ��Nk�u�±�  (3.1) 
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where θi = 0° is the incident angle, ni is the refractive index of the incident medium, ±m is the 

order of diffraction (±1 in the present case), and Λ is grating period. Assuming that ne = 1.59, λ± 

are plotted with white dashed lines in Figure 3.11a.2 and Figure 3.11b.2 that display the spectral 

and angular dispersion of the extinction cross-section in transmission for both samples. At small 

incidence angle, when the guided modes spectrally overlap with the dipolar mode of the LSPRs of 

individual nanoparticles, their interaction turns into a dip in the extinction. When the photonic 

modes move outward from this spectral area for larger angles, the white dotted lines get closer to 

the extinction peaks. In addition, the dipolar mode of individual nanoparticles starts to reinforce at 

around 494 nm. This behavior was also observed in other periodic structures, with two-

dimensional gold nanoparticles123 or one-dimensional gold grating88 placed on top of an ITO 

waveguide. Here, we report this behavior for a structure with spatial disorder and size-

inhomogeneity, namely the laser-induced self-organized structure (Figure 3.11b.2). The latter 

exhibits a very similar behavior with broader resonances due to the heterogeneous broadening. 

Interestingly, the quadrupolar mode of the LSPR emerges on the spectrum of the real-like structure 

when dipolar contribution is attenuated by its interaction with a guided mode, i.e. in the angular 

range [10°;12°]. The quadrupolar resonance mode does not contribute to the excitation of the 

guided modes and appears as a horizontal stripe insensitive to the incident angle. For TM 

polarization (Figure 3.12b1 and Figure 3.12b.2), the angular behavior of Cext,T features LSPRs 

whose resonance wavelength is almost independent of the incident angle. 

 

The coupling between the photonic and plasmonic modes leads to the generation of hybridized 

states, which manifest themselves as extinction peaks, featuring the characteristics of both modes. 

For the peak at λ = 414 nm, the electric field is mainly enhanced and localized around the metallic 

particle with a small field enhancement on top of the particles, indicating the dominant of LSPRs 

(Figure 3.11a.5 and Figure 3.11a.9). On the other hand, in Figure 3.11a.8, the field distribution at 

594 nm shows stronger feature of photonic nature, where not only does the field distribute around 

the metallic particles, but it also concentrates in the top layer between the nanoparticles. This is an 

indication of the coexistence of plasmonic and photonic modes, which can be referred to 

waveguide-plasmon polariton.88,89,91 In addition, as shown in Figure 3.11a.12, the emergence of  
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Figure 3.12. Spectral variations of Cext,T under normal incidence for (a.1)  the regular and (b.1) real-like 

sample. The vertical dashed lines indicate the wavelengths at which the near field is calculated below. 

Spectral and angular maps of Cext,T for (a.2) the regular and (b.2) real-like sample. The white dashed lines 

indicate the guided modes excited by ±1 diffraction orders. Plane view of the (a.3) regular and (b.3) real-

like NP arrays. (a.4) Pole of the reflection coefficient R of the two-layer system without nanoparticles. 

(a.5-12, b.4-9) cross section and plane view of the near field intensity distribution at selected wavelengths 

(shown in Fig. a.1 and b.1 respectively). The near-field intensities shown in plane view are calculated on 

the white dashed dotted lines drawn in the cross-section pictures. The near-field intensities shown in cross 

section are calculated on the red lines in Figure a.3 and b.3. The black dashed lines indicate the layer 

interfaces. All calculations are implemented for TM polarization. 
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Figure 3.13. (a-b) Near-field intensity on cross-section and plane views (z = 130 nm) at the selected 

wavelengths, where the spectra exhibit extinction dips or peaks as shown in Figure 3.11, under normal 

incidence of the regular sample and real-like sample respectively. The orange dashed dotted lines in 

cross-section view indicate where the plane views are calculated. The black circles in plan views 

represent the NPs positions and sizes.   

the hybrid state causes the electric field redistribution with enhancement between the 

nanoparticles, evidencing a strong coupling between particles. The comparison of the near field 

distribution at the two extinction peaks for the real-like sample (Figure 3.11b.4, Figure 3.11b.6, 

Figure 3.11b.7 and Figure 3.11b.9) show, as on the regular sample, a field located on the 

nanoparticles at the lower wavelength and located both on the nanoparticles and in the top layer at 

the higher wavelength. The spatial disorder and size dispersion significantly alter the field intensity 
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from one nanoparticle to another. However, the comparison with the regular structure confirms 

that mode hybridization takes place in the real-like structure. Additional near-field plane views 

calculated at the middle of the TiO2 layer are given in Figure 3.13. The corresponding simulations 

of Figure 3.11 for TM polarization are shown in Figure 3.12, evidencing that only LSPRs in the 

whole wavelength range are observed. 

Figure 3.14a-e further investigates the near field intensity distribution when the regular structure 

is illuminated by a plane wave under θi = 10°. The dip at 477 nm under normal incidence, where 

the scattered field is π-out of phase with the incident wave on the nanoparticles, has been split in 

two dips, which can be determined using equation (3.1), at 425 nm and 529 nm (Figure 3.14a). 

The shorter wavelength corresponds to the forward mode, while the longer wavelength 

corresponds to the backward mode. When interfering with the incident light within the structure, 

the forward mode leads to an interference pattern that is tilted to the left on the cross-section view, 

as simulated in Figure 3.14c (cross-section) and as can be deduced from the wave vectors direction 

of the two interfering waves. As the simulated structure is finite and illuminated with a plane wave, 

the excitation of the forward mode also leads to an accumulation of light intensity to the right (plan 

views at z = 55 nm and z = 130 nm in Figure 3.14c). It should be noticed that the quadrupolar 

mode occurring at 440 nm, which does not excite the guided mode itself, partly overlaps with the 

interference pattern associated to the forward mode at 425 nm wavelength (Figure 3.14c). At 

shorter wavelength, the hybridized mode features an extinction peak at 398 nm where the field 

enhancement at the particles top surface and the field accumulation at the right of the plane views 

can be observed (Figure 3.14b). The backward mode excited at 529 nm leads to an interference 

pattern tilted to the right on the cross-section views and to an accumulation of light to the left on 

the plane views at z = 55 nm and z = 130 nm (Figure 3.14d). The resulting hybridized mode occurs 

at 602 nm (Figure 3.14e) and leads to an enhanced absorption of the dipolar plasmon mode and a 

field enhancement in the upper layer that accumulates to the left. While less regular, these features 

are also observed on the real-like structure whose simulations are gathered in Figure 3.14g-j. 

Consequently, the size dispersion and spatial disorder of nanoparticles resulting from laser 

processing do not significantly prevent the occurrence of the hybridized states between plasmonic 

and photonic modes for TE polarization.     
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Figure 3.14. Optical properties of the regular and real-like structures under an oblique incidence angle of 

10°. (a, f) Extinction cross-section spectrum of both structures. (b-e, g-j) Near field intensity on the cross-

sections and plane views at characteristic wavelengths. The forward (green dot) and backward (yellow 

dot) guided modes excited 0-out-of-phase with the incident wave at the nanoparticle surface show light 

that propagates and accumulates to the right and left, respectively. The blue and red dots correspond to 

the hybridization of the forward and backward mode, respectively, with the dipolar plasmon mode of 

individual nanoparticles. The cross-sections are calculated at the same position as the one shown in Figure 

3 (red line). The white (z = 55 nm) and orange (z = 130 nm) dashed dotted lines indicate where the near 

fields on the plane view are calculated. The black dashed lines represent the layer interfaces. Black circles 

in plane views (z = 130 nm) represent the positions and sizes of NPs. 
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This laser technique not only produces metamaterials that sustain hybrid modes but it can also 

control the coupling strength through the spectral overlapping between the resonance modes and 

diffraction efficiency of the nanoparticle grating. The spectral overlapping can be changed by 

varying the grating period of the self-organized nanoparticle array. As explained in our previous 

article47 this grating period is proportional to the incident laser wavelength used for processing. 

The laser wavelength and other parameters as the laser power or scan speed can also affect the 

average nanoparticle size and their size dispersion, and in turn the diffraction efficiency of the 

nanoparticle array. Figure 3.15 shows the results related to another real sample, which was 

produced at λ = 647 nm, with a power of 500 mW and a scan speed of 300 μm/s, and the 

corresponding simulations of the realistic structure. The longer laser processing wavelength leads 

to a larger average grating period of 400 nm (Figure 3.15a). Assuming the thicknesses shown in 

Figure 3.15d, deduced from SEM picture of the sample cross section (Figure 3.16), the same 

refractive indices as previously and a film free of nanoparticles, one can use the same approach as 

previously to determine the occurrence of one guided mode in the structure with an effective index 

of 1.56 (Figure 3.15b). Multiplying this value by the average grating period, one can find that 

under normal incidence, the guided mode can be excited at 624 nm, which matches well the 

position of the blue-edge of the second dip in transmission in Figure 3.15c and Figure 3.15f, and 

the near-field distribution shows interference patterns with low excitation on particle surface 

(Figure 3.15h). As the experimental size distribution (shown in fig. 3.16b) shows smaller sizes 

than in the first sample, the dipolar mode of the LSPRs (first peak in Figure 3.15c) is blue-shifted 

compared to the first sample, resulting in strong electric field enhancement at 482 nm confined 

around nanoparticles, as shown in Figure 3.15g. Conversely, the hybrid mode excited at higher 

wavelength (658 nm) with the electric field is delocalized and mainly distributed around 

surrounding media. Consequently, the resonance of the plasmonic and photonic modes do not 

spectrally overlap, which results in weak coupling effect. Notice that in this weak coupling regime, 

the excited guided mode is tuned out of the LSPRs, appearing closer to the extinction peak. 

Therefore, it features similar near-field pattern to the peak (Figure 3.15h & i). Simulating the 

spectral and angular variations of the extinction cross-section in transmission (Figure 3.15e), 

shows that the spectral overlapping occurs for incidence angles above 15°. Then, the coupling 

between the photonic and plasmonic modes leads to a reduced absorption followed, at longer  
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Figure 3.15. (a) Plane view of the real-like sample simulated from a real sample laser processed at λ=647 

nm, with power of 500 mW and scan speed of 300 μm/s. (b) Reverse reflection coefficient R of the two-

layered system without nanoparticles in logarithmic scale. 1.56 is the effective index value of the guided 

mode considered to draw the dash lines in (e). (c, f) Extinction spectra of the true and simulated sample.  

(d) 3D sketch of the simulated structure. (e) Spectral variations of the extinction cross-section in 

transmission of the real-like sample. (g-i) near field intensity on the cross-sections and plane views at the 

characteristic wavelengths. 
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wavelength, by an absorption enhancement. The inhomogeneity of this other laser-induced quasi-

random plasmonic metasurface does not prevent the excitation of guided modes and the occurrence 

of hybridization. These examples, selected among a large database of laser-processed samples 

produced by tuning the laser wavelength, power, scan speed and laser focus, are two extreme cases 

where dichroic properties are observed. They should be representative of a large number of laser-

processed samples in which self-organized periodic patterns occur. 

 

Figure 3.16. (a) Cross-section view and (b) size distribution of the sample processed by laser at 

647 nm, 500 mW and 300 rm/s. The scale bar is 500 nm 

3.5 Conclusions 

In conclusion, this study investigates the effect of intrinsic spatial disorder and size dispersion that 

exist in the laser-induced self-organized plasmonic metasurfaces on their optical properties. 

Simulations are carried out on regular structures in which different array sizes, levels of disorder 

and different size distributions are introduced, and on realistic structures elaborated from three 
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dimensional reconstructions of real samples. By proving the adequacy of the real-like sample in 

reproducing the statistical properties of experimental sample and further investigating the near-

field distribution, we characterize the coupling between the dipolar mode of the LSPR of individual 

metallic nanoparticles and guided modes excited through diffraction by the nanoparticle array. The 

near and far field investigations demonstrate that the inhomogeneities inherent to the fabrication 

technique, while striking when looking at the structures at the nanoscale, do not disturb so much 

the overall interaction with light. Two representative kinds of laser-induced nanostructures, 

exhibiting different periods, size distributions and dichroism, confirm this conclusion. Laser 

processing appears then as a powerful technology to produce useful functional metamaterials 

despite intrinsic imperfections. With its simplicity, cost-effectiveness and scalability, it is very 

promising for industrial applications, which exploit the fascinating optical properties of plasmonic 

materials. 
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4 Controlling color, diffraction and dichroism of 

plasmonic metasurfaces 

Structural and plasmonic colors have attracted growing interest over the last fifteen years for their 

stability, environmentally friendly properties, singular visual effects and their numerous potential 

applications. However, scalability remains a major challenge when considering their flexible use 

over large surfaces. Laser processing has then appeared as a good candidate to overcome this 

challenge thanks to its versatility, efficiency, cost-effectiveness and simplicity. However, the 

quasi-random nature of the nanoparticle distributions produced by laser made the understanding 

of their optical properties tricky and the confidence in their reproducibility limited. In this chapter, 

we demonstrate the potential of nanosecond lasers to control the diffraction, dichroism and colors 

of random plasmonic metasurfaces while explaining the origin of their optical properties through 

electromagnetic simulations. The optical properties are first linked to the geometrical parameters 

of self-organized gratings that are induced by laser either on the surface by a topographic 

modulation or below the surface by the growth of organized nanoparticles. These two kinds of 

gratings are perpendicular to each other and exhibit different periods. The chapter unravels the 

main mechanisms that shape the spectral properties of these laser-induced nanoparticle gratings. 

Electromagnetic simulations evidence the role of plasmonic surface lattice resonances resulting 

from the far field coupling of metallic nanoparticles despite their size dispersion and relative 

disorder. They also demonstrate the impact of near field coupling that leads to the hybridization of 

plasmonic modes of some particle pairs closely packed along the grating lines in these laser-

induced structures. The chapter shows how the two kinds of self-organized gratings influence the 

diffraction and dichroism. Imperfections of laser-induced metasurfaces bring singular properties 

that do not exist in perfectly regular samples. They are used here to print faithful color images in 

different modes of observation and to use diffraction or dichroism as a security feature. 
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4.1 Introduction  

Structural color printing has recently emerged as an eco-friendly technique to generate vivid colors 

and interesting visual effects stable over time.2,4,10 While traditional inks are based on dye 

absorption, structural color marking technologies create colors originating from various optical 

phenomena including scattering,27,28 absorption,29,159 diffraction,160 interference,161 or coupling 

between resonance modes.162,163  This gives the technologies huge advantages and extra freedom 

to design optical devices, and develop real-life applications spanning from data storage,11 

information security,164,165 color filters,166 sensors,167 to display technologies.8 

Various approaches have been proposed to produce metamaterials with structural colors, such as 

electron beam lithography,21,168 focused ion beam,159 or chemical methods.169 Among them, laser-

based technologies emerge as foremost industrial processes owing to the fact that they are versatile, 

rapid, cost-effective and scalable.40,170 Laser can trigger several mechanisms that modify the 

physical properties of metamaterials, and so their colors. Metallic particles can thus be resized, 

reshaped and organized. The spectral shape of their localized surface plasmon resonances can be 

tuned by changing their geometrical parameters.42–44,56,171,172 When the laser triggers their self-

organization, diffraction grating whose period and orientation depend on the laser wavelength and 

polarization can emerge and be used to diffract visible light 45,48 or induce dichroism.52,53 These 

diffractive and dichroic properties have recently been used to implement laser-induced image 

multiplexing where three images were encoded and printed in a single metasurface.37,38 The 

dichroic colors that were used for some multiplexed images were shown result from the coupling 

between the localized surface plasmon resonance of individual metallic particles and delocalized 

photonic modes excited through the self-organized nanoparticle grating.38 In all these studies, the 

laser modifies simultaneously several parameters of metallic nanoparticles including their size, 

density and organization, and does control the statistical distribution of these parameters over large 

ensembles of nanoparticles rather than their specific value for each single particle. The laser can 

also change different parameters of the film that supports or contains the nanoparticles, such as its 

crystal phase, density, thickness or surface topography. Fabry-Pérot interferences can then 

contribute to the final optical properties of the system.41,173 The variety of optical mechanisms 

involved in random plasmonic metasurfaces makes them powerful to create particular color 
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properties such as the ones that recently enabled three-image multiplexing. The simplicity and 

flexibility of laser processing make it appealing for developing large-scale applications. And, the 

quasi-random nature of the nanoparticle assemblies creates an interesting challenge to unravel the 

different mechanisms that shape the color properties of these materials. 

In this chapter, we unravel the mechanisms that control the optical properties of quasi-random 

plasmonic metasurfaces produced by laser processing. We especially pay attention to nanosecond 

(ns) laser-processed Ag NPs:TiO2 metasurfaces that exhibit diffractive and dichroic properties, to 

explain why these two phenomena can be observed simultaneously or independently. Optical 

characterizations highlight the laser parameter ranges where the different optical behaviors occur 

and allow identifying rapidly the main kinds of metasurfaces that can be produced by laser 

processing. Their morphological properties are measured by electron microscopy and atomic force 

microscopy. Two main features, a periodic arrangement of metallic nanoparticles and a periodic 

modulation of the surface topography characterize the diffractive or dichroic metasurfaces. The 

chapter explains the relative importance of the different self-organized periodic structures on the 

optical properties of metasurfaces. Electromagnetic simulations of real-like samples unveil the role 

of coherent far-field coupling by the nanoparticle grating and of near-field coupling, on the 

diffractive and dichroic properties. They allow to explore separately the influence of different 

parameters by considering both the real-like structures and close perfectly periodic structures. The 

chapter finally demonstrates that the technology can be used to mark faithful color images in 

different modes of observation. The colors observed in other modes can then be used for security 

purpose. 

4.2 Overview of the optical and structural properties of the laser induced 

random plasmonic metasurfaces 

Mesoporous titania thin films loaded with silver and deposited on glass substrate are processed 

with a slightly focused ns laser (532 nm) scanning the surface to create quasi-random plasmonic 

metasurfaces (Figure 4.1a). Their properties are controlled at the scale of a pixel size by varying 

four parameters. Figures 4.1b and 4.1c give a sampling of colors exhibited by these metasurfaces  
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Fig. 4.1. Optical properties of laser-induced metasurfaces. (a) Principle of the laser marking process. A few scanning 

electron microscopy images illustrate different kinds of laser-induced metasurfaces that exhibit different colors. (b) 

Charts illustrating some optical properties of metasurfaces generated by varying four laser processing parameters: 

the laser fluence and repetition rate, the scan speed of the laser beam and the distance dy between consecutive laser 

lines. The laser polarization is fixed and parallel to the double arrow. The top charts show the colors observed in 

backside reflection (specular reflecion). All measurements were carried out under white light illumination. The 

bottom charts show four data per square. Triangles #1 and #3 show the color observed in two diffraction 

configurations where the plane of incidence is either perpendicular (triangle #1) or parallel (triangle #3) to the laser 

polarization. Triangles #2 and #4 illustrate the dichroism in reflection and transmission, respectively, where the 

displayed color corresponds to the color difference (ΔR, ΔG, ΔB) between the colors measured with a TE or TM 

linearly polarized incident white light. The setup used for measuring the colors is described in Section 2.3. (c) 

Gamut in the CIE L*a*b* color space of colors measured in the backside reflection mode (details are given in 

Section 2.3). The convex hull of the gamut is projected on the three planes for more clarity. 
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in specular reflection when observed from the backside. We will come back on the printing of 

faithful color images in various modes of observation at the end of the chapter. Figure 4.1b also 

highlights diffractive and dichroic behaviors of metasurfaces. 

The diffractive behaviors (triangles #1 and #3) highlight the presence of two main kinds of 

diffraction gratings that result from laser-induced self-organization processes. The origin of these 

two perpendicular self-organized periodic patterns is already discussed in the previous studies.52,53 

The first type of self-organized grating, which appears when triangles #1 lit in blue (Figure 4.1b, 

bottom color charts), corresponds to gratings parallel to the incident laser polarization with a period 

in the range 290 – 380 nm. When the blue color shifts toward green in triangle #1, the grating 

period increases, as can be deduced from the grating equation and the fixed parameters of the 

measurement setup (Section 2.3). The second type, which appears when triangles #3 lit in orange, 

corresponds to gratings perpendicular to the laser polarization with a period in the range 460 – 500 

nm. When the orange color shifts toward yellow in triangle #3, the grating period increases. Some 

triangles #1 appear whitish or brownish rather than blue, they correspond to metasurfaces that 

scatter light in a broad range of observation angles rather than diffracting it, so to more disordered 

metasurfaces.  

Triangles #2 and #4, in Figure 1b, characterize the sample dichroism that is shown by a color 

corresponding to the (ΔR, ΔG, ΔB) difference between the colors measured with TE or TM 

polarized white light. The color charts on the bottom side show that many metasurfaces previously 

identified as diffractive are also dichroic (squares inside the white outline), many others are only 

dichroic and not diffractive (pink outline) and still a large part is diffractive without exhibiting any 

significant dichroism (green outline). 

4.3 Structural parameters of metasurfaces  

Grating #3 only occurs at high speed and low fluence at 600 kHz repetition rate and corresponds 

to a periodic modulation of the surface topography with small disordered nanoparticles (Figure 4.2 

– 300 mm.s-1). While, interestingly, grating #1 can take many different forms. It corresponds to 

periodic modulation of the surface topography with disordered nanoparticles in Figure 4.3 (685  
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Fig. 4.2. (a) Evolution of the physical and optical properties of laser-induced metasurfaces when varying 

the scan speed (from 2 mm.s-1 to 300 mm.s-1) at low fluence (87 mJ.cm-2), high repetition rate (600 kHz) 

and large overlapping between laser lines (dy = 2 μm). For each scan speed, the sample is characterized 

by a four-color chart (as described in Figure 4.1), a representative scanning electron microscopy (SEM) 

image with the value of the grating period and its Fourier transform on the top corner left, an atomic force 

microscopy (AFM) 3D view of the surface topography and the corresponding surface profile, measured 

along the x axis for the 4 left images and along the y axis for the sample at 300 mm.s-1, and a histogram of 

the nanoparticle sizes as observed by SEM. The double arrow indicates laser polarization for the SEM 

images. The scale bar is 1 μm in all SEM images. 

mJ.cm-2, 2 mm. s-1, 50 kHz). It may correspond to self-organized particles mainly located in the 

film, with additional surface corrugation (Figure 4.2 – 2 mm.s-1, 87 mJ.cm-2, 600 kHz), or without 

surface corrugation (Figure 4.2 – 5 mm.s-1, 87 mJ.cm-2, 600 kHz). It exhibits self-organized 

particles that emerge on the top surface in Figure 4.4. 

In order to highlight the most important structural features that influence the metasurface optical 

properties, we choose to display the evolution of the surface topography and metallic nanoparticles 
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with the scan speed for metasurfaces generated at low fluence (87 mJ.cm-2), high repetition rate 

(600 kHz) and strong overlapping between laser lines (dy = 2 µm). As illustrated in Figure 4.2, at 

low speed these metasurfaces exhibit diffraction with grating parallel to the laser polarization (#1), 

and dichroism (#2 & #4). Then, when speed increases, only dichroism is observed, before 

disappearing. At the highest speed, diffraction by a grating perpendicular to the  

 

Fig. 4.3. Evolution of morphological profiles and optical responses of laser-induced metasurface when 

varying laser power at 50 kHz repetition rate, 2 mm/s scan speed and 2 μm laser lines distance. The scale 

bar is 1 μm. 

laser polarization (#3) occurs. The combination of scanning electron microscopy (SEM) and 

atomic force microscopy (AFM) images gives insight about the main features that characterize the 

metasurfaces, namely their surface topography and the distribution of metal nanoparticles. At 300 

mm.s-1, the self-organized gratings perpendicular to the laser polarization (#3) are surface gratings 

whose period is slightly lower than the laser wavelength, in which Ag nanoparticles are small 

enough not to be clearly observed by SEM. When decreasing the scan speed (160 mm.s-1), i.e. 

increasing the deposited energy per unit area, the surface topography homogenizes, the grating 

disappears, and Ag nanoparticles grow within a correlated disorder (homogeneous distances 

between nanoparticles). From 20 to 5 mm.s-1, nanoparticles tend to organize along grating lines 

parallel to the laser polarization while growing up to reach sizes that exceed 100 nm. At the lowest 

speed, Ag nanoparticle gratings are associated with a surface grating that follows the nanoparticle 
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lines (same orientation, same period). The period of the nanoparticle gratings is a fraction of the 

laser wavelength, the divider being expected to be the effective refractive index of the photonic 

mode that can propagate within the layer.52,53  

 

Fig. 4.4. Evolution of morphological profiles of laser-induced metasurface when varying laser power at 50 kHz repetition rate, 13 mm/s scan speed and 20 μm laser lines distance. The SEM images of the 

overall view with low magnification, center and outer of laser beam are given. The inset images are the 

Fourier transform of the corresponding images.   

These results highlight the fact that diffraction is much stronger when a surface grating is present, 

whatever its period and orientation. However, the nanoparticle grating, while weakened by 

heterogeneity in the nanoparticle spatial arrangement and broad size distributions, may contribute 

to diffraction too by coherent far field coupling. Conversely, the dichroism seems mainly related 

to the presence of self-organized nanoparticle gratings and not to the surface grating. It is expected 

to originate mainly from two mechanisms: the near field coupling between nanoparticles aligned 

along the same line, and the far field coupling between the localized surface plasmon mode through 
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the excitation of a delocalized photonic mode propagating in the direction perpendicular to the 

grating lines. In the next sub-section, electromagnetic simulations intend to unveil the mechanisms 

at stake in the optical response of laser-induced quasi-random plasmonic metasurfaces. They will 

deal with realistic samples and regular samples (periodic structures with single nanoparticle size), 

and will investigate the influence of the structural parameters of the laser-induced nanoparticle 

gratings on the diffractive and dichroic properties of metasurfaces.  

4.4 Origin of dichroism 

In order to unveil the optical mechanisms at the origin of dichroism in the laser-induced 

metasurfaces, we propose to simulate the electromagnetic far field response of a realistic sample 

that mimics a dichroic experimental sample, as well as its closest regular sample (periodic and 

single nanoparticle size), which exhibits similar spectral features. Investigating the near-field of 

the regular sample will demonstrate the origin of collective resonances and serve as a guide to find 

similar resonances in the realistic sample. Some features that are specific to the realistic samples 

will finally appear to strongly contribute to the dichroism too. 

Figures 4.5a and 4.5d show the SEM plan-view and TEM cross-section images of a dichroic 

sample (triangles #2 and #4 lit) obtained at 600 kHz, 116 mJ.cm-2, 80 mm.s-1, dy = 2 µm. A 

tridimensional representation of this sample is elaborated by considering spherical nanoparticles 

with the same diameter and in-plane distribution as the those measured by SEM, and in-depth 

location compatible with the simulation constraint imposing that nanoparticles must be located 

within a single medium. In the simulation, all nanoparticles are tangent to the top interface inside 

the 95 nm thick TiO2 layer (Figure 4.5b-c) to mimic the STEM characterization as shown in Figure 

4.5d. As the initial mesoporous TiO2 layer (initial film thickness of ~200 nm as described in 

Section 2.1) has been largely densified by laser processing (95 nm thick layer) and the initial 

amorphous TiO2 has been crystallized into its anatase phase (Raman characterization in Figure 

4.6), the refractive index of the film surrounding the nanoparticles is set to 2; while the glass 

substrate has a refractive index of 1.5. Further details about the refractive index of Ag nanoparticles 

are given in Section 7.3. To reduce numerical errors due to the limited sample size (and number 
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of nanoparticles), the simulated sample is extended by duplicating four times the same structure 

(Section 7.4). 

 

Fig. 4.5. Experimental sample vs realistic simulated sample. (a) SEM image of the considered 

nanostructure induced by laser processing at 600 kHz, 116 mJ.cm-2, 80 mm.s-1 and dy = 2 μm. (b) Plan 

view and (c) cross-section of the simulated sample. (d) TEM cross-section of the experimental sample. (e-

f) Experimental data of transmission (T) and reflection coefficient (R), and (g) the corresponding loss 

spectrum (1 – T – R). (g-j) Simulation results of extinction cross-section in transmission (Cext,T), in 

reflection (Cext,R) and total extinction (Cext,T + Cext,R), respectively. Scale bars in SEM is 500 nm. The 

incident field illuminates from the bottom at an incidence angle θ = 6° with a vertical incidence plane. 

The nanoparticle grating lines are parallel to the linear polarization of the laser used for processing the 

sample (horizontal double arrow in a). TE polarization is horizontal and TM polarization vertical in a-b. 

The simulated extinction cross-section spectra in transmission and reflection (Figure 4.5h-i), which 

account for losses in the two specular directions, can be compared qualitatively with the 



91 

transmission (T) and reflection (R) coefficients (actually with 1-T and 1-R) measured on the real 

sample (Figure 4.5e-f), for two linear polarizations that are parallel (TE) or perpendicular (TM) to 

the nanoparticle grating lines (themselves parallel to the laser polarization used during laser 

processing). The total experimental losses (Figure 3g) can also be compared with the total 

simulated losses (Figure 4.5j). In both cases, the losses exhibit a single broad peak for TM 

polarization and two peaks for TE polarization. 

 

Fig. 4.6. Characterization of sample induced by laser at 600 kHz repetition rate, 116 mmJ.cm-2 laser 

fluence, 160 mm.s-1 scan speed and 2 μm laser lines distance. (a) Raman analysis. (b) Annular dark field 

(ADF) image (left image) and energy dispersive spectroscopy (EDS) chemical mapping (right image) 

In Figure 4.7, we compare the far-field spectra and near-field intensity distribution of the realistic 

sample with those of a regular sample in which all nanoparticles are 71 nm in diameter and 

periodically spaced with 300 nm period along the x direction and 180 nm period along the y 

direction (Figure 4.7a.1). This regular sample exhibits narrower resonances and homogeneous 

near-field maps that make interpretation easier (Figure 4.7a.2). If the period along the x direction 

is similar to the average period that can be measured between lines of the realistic sample, the 

periodicity along the y direction is a stronger simplification since it does not exist in the realistic  
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Fig. 4.7. Near-field maps in xz and xy plane of the regular and real-like samples for TE polarization (along the 

grating lines with Λ = 300 ��). Plane view of the (a.1) regular and (b.1) realistic samples. Spectral variations of the 

total extinction for the (a.2) regular and (b.2) realistic samples for TE and TM polarizations. Multipole 

decomposition of the total extinction for the (a.3) regular and (b.3) realistic samples for TE polarization. (a.4-a.7 and 

b.4-b.6) Cross-section and plane view of the near-field intensity for TE polarization at selected wavelengths that are 

identified by disks with different colors in a.2 and b.2, respectively. The plane view near-field maps are calculated 

along the white dashed lines drawn in the cross-section maps, and correspond to the areas limited by a white 

rectangle in a.1 and b.1, respectively. The cross-section near-field maps are calculated along the red dotted lines 

drawn in plane view maps. The black dashed lines show the layer interfaces. Illumination from the bottom side with 

an incidence angle θ = 0°. 
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sample. However, the regular sample has strong enough similarities to provide a useful comparison 

with the realistic sample.  

For TM polarization, the regular sample exhibits a main peak at 545 nm for the dipolar mode 

(Figure 4.7a.2 and Figure 4.8). For TE polarization, the main peak of the dipolar mode red-shifts 

at 622 nm and is accompanied by a second peak at 442 nm (Figure 4.7a.3). A quadrupolar mode 

adds at 470 nm. Several articles have already reported such a behavior of the dipolar mode when 

metallic nanoparticles are periodically organized.22,102 The long-wavelength peak results from the 

far-field coupling of the localized surface plasmons of individual nanoparticles. For appropriate 

period of the nanoparticle grating, the field scattered by the nanoparticles arrives in phase with the 

localized surface plasmon resonance induced by the incident field on adjacent particles, thereby 

reinforcing the resonance (Figure 4.7a.7 and Figure 4.9). This effect is known as a plasmonic 

surface lattice resonance and leads to the extinction enhancement at 622 nm. A short-wavelength 

peak is also reported in some articles with lower amplitude and broader width because of an 

increased damping.22 In our layered system, the field enhancement at 442 nm is maximum on the 

bottom side of nanoparticles and along the TE incident field (Figure 4.7a.4). For TE polarization 

(along the y axis), we can also highlight at ~518 nm the guided mode excited through diffraction 

by the nanoparticle periodic array that propagates along the x direction π out-of-phase with the 

incident field on metallic nanoparticles.123 The destructive interference of the propagating mode 

with the incident field on the nanoparticles considerably reduces the nanoparticle absorption and 

leads to low extinction. The near-field enhancement on the nanoparticle surface is thus low, and 

the near-field maxima occur in the dielectric layer between nanoparticles (Figure 4.7a.6). At 470 

nm the quadrupolar mode exhibits four lobes in the cross-section plane parallel to the incident 

polarization (Figure 4.7a.5 and Figure 4.9e). 

In comparison, the realistic sample exhibits a much broader main dipolar peak than the regular 

sample, but its maximum also largely red-shifts from 500 nm to 634 nm when rotating the 

polarization from TM to TE (Figure 4.8b.3 and Figure 4.7b.3). The second dipolar peak at lower 

wavelength for TE polarization is less obvious, it seems to interfere with the quadrupolar mode. 

The latter is less sensitive to the incident polarization, broader than for the regular sample and 

occurs at 490 nm. The near-field intensity map on the cross-section at 534 nm, where total  
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Fig. 4.8. Near-field maps in xz and xy plane of the regular and real-like samples for TM polarization (perpendicular 

to the grating lines with Λ = 300 ��). Plane view of the (a.1) regular and (b.1) real-like samples. Spectral 

variations of the total extinction for (a.2) regular and (b.2) real-like samples in two incident polarizations for TE and 

TM polarizations. Multipole decomposition of the incident perpendicular to the laser polarization for (a.3) regular 

and (b.3) NP arrays. (a.4-a.7 and b.4-b.6) cross section and plane view of the near-field calculation at the selected 

wavelengths (depicted as circles with different colors shown in fig. a1 and b.1 respectively). The near-field 

intensities of the plane view are calculated on the white dashed lines drawn in the cross section pictures, 

corresponding to the areas limited by white rectangles shown in fig. a.1 and b.1 respectively. The near-field 

intensities of the plane view are calculated on the red dotted lines drawn in plane view pictures. The black dashed 

lines correspond to the layer interfaces. 
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Fig. 4.9. Near-field maps in yz and xy plane of the regular and real-like samples for TE polarization (parallel to the 

grating lines with Λ = 300 ��). Plane view of the (a) regular. Spectral variations of the total extinction for 

(b) regular in two incident polarizations. Multipole decomposition of the incident perpendicular to the 

laser polarization for (c) regular NP arrays. (d-g) cross section and plane view of the near-field calculation 

at the selected wavelengths (depicted as circles with different colors shown in Fig. b). The near-field 

intensities of the plane view are calculated on the white dotted dashed lines drawn in the cross-section 

pictures, corresponding to the areas limited by white rectangles shown in fig. a. The near-field intensities 

of the plane view are calculated on the red dotted lines drawn in plane view pictures. The black dashed 

lines correspond to the layer interfaces. 

extinction is the lowest, evidences a reduced field enhancement at the nanoparticle surface and a 

field maximum between nanoparticles (Figure 4.7b.5). This behavior tends to evidence the 

occurrence of a plasmonic lattice mode resonance, although the corresponding effect is limited by 

the size heterogeneity and the spatial disorder of nanoparticles. Indeed, as shown in the plane view 

of Figure 4.7b.5, some nanoparticle sizes resonate at 534 nm (red nanoparticles). And, spatial 

disorder introduces phase variations between the field scattered by nanoparticles along the x 

direction that reduce the coupling efficiency in the guided mode. Size heterogeneity and spatial 

disorder are thus limiting factors to observe the field enhancement at the long-wavelength peak in 

these laser-induced samples. 
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However, a strong dichroism is observed in these realistic samples due to the difference between 

the main dipolar peaks obtained for TM and TE polarization. This dichroism is actually reinforced 

by another phenomenon that does not occur in the regular sample and that is highlighted in Figure 

4.10: the near-field coupling between close nanoparticles. The plane-view of the near-field 

intensity at 634 nm in Fig. 4.7b6 shows that different pairs of close nanoparticles, found along the 

irregular lines, resonate at this wavelength (white rectangles). This near-field coupling leads to 

hybrid modes whose resonance frequencies are polarization dependent and for which the high 

frequency mode is usually a dark mode.174–177 As shown in Figure 4.10, nanoparticle dimers  

 

Fig. 4.10. Near-field coupling. (a, d) Total extinction cross section of a dimer in the layered system (Fig. 

4.5c) with varying interparticle distances for TE (along the dimer axis) and TM (perpendicular to the 

dimer axis) polarizations, respectively. Field enhancement in plan-view for dipolar (b, e) and quadrupolar 

(c, f) resonances for both polarizations. Particle size is 50 nm in diameter. 

embedded in a high index layer and tangent to the top interface, as described in Figure 4.5c, exhibit 

a dipolar resonance for TE polarization (the bright hybrid mode) whose position red-shifts when 

the distance between nanoparticles decreases. The narrow peak at around 470 nm that corresponds 

to a quadrupolar resonance, also slightly red-shifts. As the gap decreases the coupling between 

nanoparticles increases and the near field enhancement in the gap rises. Conversely, the resonance 
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positions for TM polarization remain nearly unchanged, and the corresponding near-field map 

(Fig. 4.10e&f) show no indication of coupling between the resonance modes. These simulations 

demonstrate that the broad dipolar resonance of the realistic samples that peaks at low wavelength 

for TM (Figure 4.8b.3) and at high wavelength for TE (Figure 4.7b.3) is not only due to the size 

dispersion, but also to the variable distances between particles that lie along a same grating line. 

Note that the small peaks at the shoulder of the broad dipolar resonances in TE polarization only  

 

Fig. 4.11. Total extinction cross section of a dimer in layered system (a) and homogeneous medium (b), 

and their corresponding structural cross sections. The incidence polarization is parallel to the dimer axis. 

appear when the nanoparticles are embedded in a layered system as shown in Figure 4.11. This 

small peak can be attributed to the interaction of the coupled dipolar resonance with the close air-

TiO2 interface. This small peak is not observed in the realistic sample because of the heterogeneous 

broadening of the dipolar resonance. It is important to emphasize that simulations in Figure 4.10 

and 4.11 involve only two particles, resulting in an extinction cross section on the order of 10-2 

µm2, in contrast to large simulated array in Figure 4.19, which exhibits an extinction cross section 

on the order of 100 µm2. 
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To summarize, the dichroic behavior of the extinction cross-section of realistic samples turns to 

result from two optical mechanisms. The first one originates from the near-field coupling between 

the LSPR of close nanoparticles that can be found along the grating lines. It leads to mode 

hybridization with a resonance position that is strongly dependent on the distance between close 

nanoparticles, and their respective diameter too, for TE polarization. The second one originates 

from the far-field coupling between the LSPR mode of nanoparticles through the excitation of a 

photonic mode that interfere constructively with the incident field on the nanoparticles at a specific 

wavelength that depends on the grating period. While carried out on specific samples, these results 

can be generalized to all metasurfaces where self-organized nanoparticle gratings are observed.  

4.5 Considerations on diffraction by nanoparticle gratings. 

Diffraction by the laser-induced metasurfaces shown in Figure 4.1 and 4.2 results either from 

surface topography gratings or from coherent scattering by self-organized nanoparticles. While 

diffraction by periodic surface corrugation has been investigated in the literature,45,46 it is worth 

investigating the influence of some parameters of the nanoparticle arrays on diffraction. The study 

is based on the analysis of the spectral variations of the scattering cross-section and the angular 

variations, in the incidence plane, of the differential scattering cross section (defined in Section 

1.2.5) at selected wavelengths. A sample, described in Figure 4.12, is selected from Figure 4.1b 

based on its diffraction properties and the absence of surface modulation grating. This sample 

exhibits Ag nanoparticles that are semi-embedded at the top surface. A realistic sample, modeled 

in Figure 4.13a is created from the SEM plane-view and TEM cross-section, and compared to the 

closest regular sample presented in Figure 4.13b in which 44 nm wide spherical nanoparticles are 

separated by a period of 325 nm along the x direction and 100 nm along the y direction. As the 

semi-embedded nanoparticles cannot be simulated with the used modeling, two configurations are 

considered, with Ag nanoparticles either supported on the TiO2 surface or inside the TiO2 layer 

where the biggest particle are tangent to the top interface (the relative position of particles are kept 

unchanged in the two configurations). 
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Figure 4.12. Characterization of sample induced by laser at 100 kHz repetition rate, 245 mmJ.cm-2 laser 

fluence, 100 mm.s-1 scan speed and 2 rm laser lines distance. (a) Plane view of the SEM image. (b) 

Atomic force microscopy (AFM) characterization. (c) Annular dark field (ADF) image (left image) and 

energy dispersive spectroscopy (EDS) chemical mapping (right image). (d) surface morphology 

perpendicular to the grating line of the sample.  

The samples are illuminated by a TE polarized plane wave under 60° of incidence (u�) from the 

top (air), the incidence plane being perpendicular to the y axis. The scattering cross-sections in 

reflection of the realistic and regular samples exhibit similar spectra for both configurations where 

Ag nanoparticles are either in or out the TiO2 layer (Figure 4.13a.5 and 4.13b.5). For particles 

inside the TiO2 film, a main peak, corresponding to a dipolar mode dominates the (green) spectrum 

at 507 nm for the realistic sample and 524 nm for the regular sample, while this dipolar peak blue-

shifts in the violet at 374 nm, respectively, when nanoparticles are on top. Considering the period Λ = 325 nm for the realistic and regular samples and using the grating equation sin�uS =sin�u� − V/Λ, one can calculate the -1st diffraction angle at -43.9° for 507 nm wavelength, -48.3° 

for 524 nm, -16.5° for 374 nm. These angles are actually the ones at which the maximum scattering 

efficiency is found on the left-end side of the angular scattering diagrams in Figure 4.13. It is 

interesting to note that the amplitude of the scattering cross-section maximum is almost the same 

for the realistic and regular samples (slightly higher for the latter). However, the maximum  
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Figure 4.13. Influence of metasurface structural parameters on the diffraction. Plane view of the realistic 

(a.1) and regular samples (b.1). Scattering cross section in reflection side of realistic (a.5) and regular 

(b.5, 9, 13, 17) samples. Cross section views of realistic (a.2, 6) and regular (b.2, 6, 10, 14, 18) samples. 

Scattered radiation at the selected wavelengths of the realistic (a.3, 4, 7, 8) and regular (b.3, 4, 7, 8, 11, 

12, 15, 16, 19, 20) samples. Unit of the differential scattering cross section is nm2/steradian. 
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diffracted intensity in the -1st diffraction order is 30 to 40 times higher in the regular sample than 

in the realistic sample if we compare the on top configurations in the violet and the inside 

configurations in the green. This huge difference results from the heterogeneity of the realistic 

sample that scatters a lot of light in a ±20° angular range around the specular direction, whatever 

the wavelength. Note that, as expected from the scattering spectra, the diffracted intensity in the 

violet -1st order is much higher for the on top configurations than for the inside configurations and 

vice versa in the green -1st diffraction order. 

As observed from the characterizations of 4.12, Ag nanoparticles of the real sample are rather like 

Janus particles with their top half located in the air and their bottom half located in the TiO2. This 

sample is then expected to exhibit a maximum diffraction efficiency between the violet and the 

green. It is actually with a diffraction angle at -28° to record a blue diffracted light that the pictures 

of Figure 1b (triangles #1) were taken to visually observe a high diffracted intensity. One can also 

note that the exposure time of the camera was increased by 40 between the recording of diffraction 

images and the pictures recorded in the front side reflection mode. Our simulations thus fairly well 

match the experimental observations. 

Simulations also allow studying the influence of some sample parameters individually. Figures 

4.13b.9-12 show that dividing the nanoparticle size by 2 from 44 nm to 22 nm divides the 

maximum diffraction intensity in the green -1st order by a factor 10. Increasing the TiO2 thickness 

by 25% (Figures 4.13b.13-16) or its refractive index by 10% (Figures 4.13b.17-20) slightly reduces 

the maximum diffraction efficiency in the green -1st order by a factor 1.5. 

To summarize the results about diffraction by nanoparticle gratings, one can keep in mind the 

following information. Grating period is fixed by the laser wavelength and the type of resonance 

excited during laser processing; the grating period determines the diffraction angle. The disorder 

that affects the spatial distribution of self-organized Ag nanoparticles strongly reduces the 

diffraction efficiency, which however remains observable by the naked eye. The diffraction 

efficiency is greatly enhanced in the visible range when Ag nanoparticles are embedded in the top 

layer. And, the higher the refractive index or thickness of the top layer, the lower the diffraction 

efficiency.     
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4.6 Printed plasmonic color images  

In this part, we show the degree of fidelity that laser processing of quasi-random plasmonic 

metasurfaces allows to reach when printing color images. We also demonstrate that targeted colors 

can be printed to be observed specifically in some modes of observation and disappear in other 

modes. This property has actually an interest for security printing. Contrary to ink-based 

techniques, which involve limited numbers of primary colors that are mixed together to create a 

full color image, laser processing prints as many primaries as colors present in the image to print. 

Each laser processing parameter set creates a specific type of metasurface that is associated to a 

given color in a particular mode of observation. The same laser-processed metasurface exhibits 

different colors in different modes of observation. Once the color databases observable in the 

different modes of observation are recorded by varying the laser processing parameters, one can 

implement a gamut mapping algorithm associated with a halftoning technique, to print by laser 

color images that are as faithful as possible to the original image.38 The resulting colors originate 

from the combination of scattering, absorption, diffraction and interference. Figure 4.14 shows 

two images whose original colors were reproduced with a good fidelity either in a backside 

specular reflection observation mode (Figure 4.14b) or in a transmission observation mode 

involving polarized light (Figure 4.14c). The configurations of the observation modes are 

described in Figure 4.14a. The image size is 13 x 11 mm2 with a pixel of size 50 x 50 μm2. 

Interestingly, the image in Figure 4.14b contains metasurfaces that diffract light in the plane of 

incidence either when the image is fixed horizontally on the measurement setup (β = 0°), or when 

it is rotated by β = 90°. Different images are then recorded with a diffraction measurement setup 

in which different parts lit depending on the sample orientation. The combination of these images 

can be used to authenticate a secured printing. Whitish areas that occur in the two diffraction 

images correspond to metasurfaces that scatter light in a broad range of wavelengths rather than 

diffracting it. 



103 

 

Figure 4.14. (a) Color acquisition setup for recording the printed images in different observation modes. 

The printed images are compared with the original ones. (b) Color printed image observed in unpolarized 

reflection and diffraction modes. (c) Color printed image observed in cross-polarized reflection (two 

polarizers are placed in front of the source and telecentric lens) and unpolarized transmission mode. 

Figure 4.14c demonstrates the ability to reproduce faithfully different types of colors in a polarized 

observation mode where the sample is placed between two polarizers whose axes form an angle 

of 80° (cross polarizer) and is observed in reflection. The value is chosen to optimize the observed 

dichroic color without diminishing the observed light intensity. In this case, faithful colors are 

observed for a specific orientation of the sample between the two polarizers, and as soon as it is 

rotated in its plane (different y value) or observed under non-polarized light, colors vanish. The 

sample observation under other modes are provided in Figure 4.15. These images indicate the wide 

variety of metasurfaces that can be produced by laser and combined to generate secured color 

images.  
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Figure 4.15. (a) Color acquisition sketch for capturing the printed images in different modes. (b) Color 

printed image observed in diffraction, unpolarized reflection and cross-polarized reflection modes. 

4.7 Conclusion  

The chapter demonstrates the great potential of a single step nanosecond laser based technology 

for the production of metasurfaces with a wide range of optical properties. By varying the 

processing parameters, metasurfaces that exhibit simultaneously or independently diffractive and 

dichroic properties can be produced. Using electromagnetic simulations, the chapter highlights the 

contribution of two optical mechanisms to the observed dichroism, which involve either the near-

field coupling of close nanoparticles located along the grating lines or the coherent far-field 

coupling between periodically spaced nanoparticle lines. The former results in the hybridization 

of LPSR modes and makes the resonance position strongly dependent on the distance between 

close nanoparticles for TE polarization only. The heterogeneity in size and distance of the 

hybridized pairs broadens the resonance, but does not prevent the polarization sensitivity. The 

latter results in a near-field enhancement on the nanoparticle surface that is shifted toward long-

wavelength for TE polarization only. The disorder and size dispersion attenuate the coupling 
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strength. Furthermore, the observed diffraction originates from two main self-organization 

structures: nanoparticle gratings and surface topography gratings. The contribution of the 

nanoparticle gratings to diffraction is higher when they are embedded. Leveraging the optical 

properties of laser-induced metasurfaces, we successfully demonstrate the printing of color 

images, which can be observed in specific modes while being hidden in other modes. This 

technology exhibits great promise for advanced applications in the fields of security, display or 

vision.         
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5 Diffraction properties of three superimposed 

grating structures induced by cw laser 

Controlling diffraction properties of materials over a large area is highly promising for a wide 

range optics-related application. Laser-based techniques appear to be a good candidate to meet this 

demand. Here, we present diffraction properties of laser-induced self-organized structures. The 

latter consists of three interlaced grating-like structures, including self-organization of 

nanoparticles, laser-induced defect and laser marking lines. When illuminated by an external 

incidence under the normal incidence, the sample exhibit an asymmetric diffraction pattern. While, 

tilting the incidence angle, circular diffraction patterns are captured on the plane perpendicular to 

the sample and incidence plane. This is found to be the combination effect of the three diffracted 

gratings. To unveil the underlying physics of the diffractions, we use rigorous coupled-wave 

analysis (RCWA) and grating equations written in direction cosine space expanded for three 

superimposed gratings. These diffraction properties of the samples empowered by laser can be 

highly potential for industrial implementations, such as security, display or design.   

5.1 Introduction 

Diffraction grating is the fundamental optical component that splits and diffracts incoming light 

into different specific directions.178,179 The diffracted field results from gratings acting as a phase 

modulating structure, which imposes periodic phase variation on the incoming electromagnetic 

wave. Such grating structures are made of periodically spaced formation at wavelength scale. 

Diffraction grating is of great interest in a wide range of applications, such as sensing,180–182 

security,183,184 data storing,185 holography,186–191 surface plasmon resonance,192 beam splitter193 or 

wave coupler.194         

Over the past decades, rapid advances in laser-induced periodic structures (LIPSs) has enabled to 

customize diffraction grating for real-world applications, owing to the simplicity and cost-

effectiveness of the single-step process. LIPSs are global phenomenon that can be excited on most 

of materials, arising from the interference of the incident laser with excited electromagnetic 
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modes.52,195 The latter can be surface plasmon polariton or excited guided wave. LIPSs have a 

huge potential for applications related to optics, 39,48,196,197 biology 198,199 or other technical 

fields.200,201 Recently, self-organization of Ag-based nanocomposites produced by lasers have 

shown great promise for visual effects or security features owing to diffractive colors arising from 

nanoparticle (NP) or surface gratings.52,53       

Here, we investigate the optical diffraction properties of self-organized Ag-dielectric 

nanocomposites generated by continuous laser beam, consisting of three superimposed grating 

structures. The self-organized mechanism,47 dichroic color properties 152 and other physical 

chemistry aspects 49,50,154,202 of the sample have been intensely studied previously. However, the 

diffraction properties of these interlaced grating structures are left unanswered. Using a custom 

2D rigorous coupled-wave analysis (RCWA),76,203,204 we unveil the underlying physics of the 

asymmetric diffraction pattern of the sample under normal incidence. In addition, by applying the 

grating equations in direction cosine space 205,206 expanded for three grating structures, we reveal 

the combination diffraction effects of the superimposed gratings, giving rise to an interesting 

circular diffraction pattern of the sample under oblique incidence. These emerging diffraction 

properties of the sample induced by laser can be vast potential for mass manufacturing of optical 

devices used in security tags. 

5.2 Sample characterization 

The samples in this study compose of amorphous TiO2 thin film loaded with small silver 

nanoparticles deposited on glass substrates. Detail about sample preparation can be referred to our 

previous articles.47,152 The samples are exposed under an Ar-Kr continuous laser at λ = 488 nm, 

and constant power of P = 250 mW whose intensity is focused on the sample by a 10x microscope 

objective under normal incidence. The samples are placed on a translation stage, which can move 

at different constant speeds (scan speed) and marked by consecutively identical laser lines with 

the spacing of 12 μm. These laser lines form the first grating structure with the period equal to the 

spacing. In this study, we investigate samples inscribed by the scan speed from 100 μm/s to 3000 

μm/s. 



109 

5.3 Direction cosine space 

Before jumping into the investigation of the diffraction properties of the sample, it is necessary to 

present the concept of grating equation in direction cosine space. Diffraction grating written in 

term of direction cosine provides a simple yet powerful way to visualize and understand the 

diffraction behavior of grating structures especially for oblique incident angles.205,206 Figure 5.1 

shows a sketch illustrating the position of diffraction orders for an arbitrary oblique incidence in 

direction cosine space (in reflection side), where the coordinates of diffraction orders can be 

determined using the following equations (assuming the refractive index of surrounding medium 

is 1) 

      PS = P� + S�� , yS = −y�             (5.1) 

Where α� =  sinθ�cosϕ�, α� �  �sinθ�cosϕ�, β� �  �sinϕ�, λ is the incidence wavelength, Λ 

is the grating period and m = 0,±1,±2,±3,…  

The diffraction orders are basically the projections of the intersection of diffracted beam with the 

hemisphere with a unit radius. As shown in Fig. 5.1, positions of diffraction orders are equally 

spaced and located on a straight line perpendicular to the grating lines. Notice that only diffraction 

orders lie within the hemisphere are real and carry energy, diffraction orders lie outside the 

hemisphere correspond to evanescent waves.   

 

Fig. 5.1. Positions of incidence and diffraction orders in direction cosine space denoted as α, β which the 

subscript “i” for incidence, “0” for 0th diffraction orders, “+1” for +1st diffraction orders, and “-1” for -1st 
diffraction orders. 
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5.4 Asymmetric diffraction pattern under normal incidence 

 

Fig. 5.2. Characterization of the sample illuminated by 300 μm/s scan speed: (a) cross view of the sample, 

(b-c) Chemical components of the sample, (d) optical microscope with the area highlighted in blue is used 

for Raman analysis, (e) Rutile phase intensity of Raman spectrum calculated at 237 cm-1, 446 cm-1, 611 

cm-1, (f) anatase phase intensity of Raman spectrum calculated at 144cm-1 

The first interesting diffraction feature of the sample is the asymmetric patterns that appear under 

normal incidence. These diffraction patterns are projected onto a screen 30 cm away from the 

sample and perpendicular to the incident laser beam with λ = 514.5 nm. To directly measure the 

positions of the diffraction orders, a sheet of paper is used as a screen with the size for each small 

square is equal to 1x1 cm2 (as shown in Fig. 5.4e). The sample under the investigation is inscribed 

by 300 μm/s scan speed with the characterizations provided in Fig. 5.2. Figure 5.4a, b show the 

sample viewed under optical microscope and scanning electron microscope, where laser marking 

lines form a grating structure perpendicular to the α-axis with the period of Λ1 = 12 μm. In addition, 

under the laser process, a regular defect arises, forming another grating structure with the period 

of Λ2 ≈ 5 μm. The origin of the laser-induced defect remains an open question and will be studied 

elsewhere. Here, we focus our attention on the diffraction properties generated by these gratings. 

In fact, laser can also trigger the self-organization of nanoparticles embedded in thin film,47 whose 
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period is determined as Λ = λ / Re(n) with Re(n) is the real part of the effective refractive index of 

the surrounding medium. However, in this configuration, this subwavelength grating does not 

diffract light. This can be easily verified using equation (1), where αi = 0 and λ / Λ > 1, leading to 

αm > 1, ∀m ≠0, which is outside of the hemisphere, indicating that other diffraction orders except 

0th order do not exist. Coming back to the diffraction properties produced by the two grating 

structures, to unveil the underlying physics of the asymmetric diffraction patterns, we employ the 

diffraction equation written in cosine space for two superimposed gratings.205,206 

      PS = P� + S��� , yS = −y� + e��·                    (5.2) 

where m, n are the diffraction orders of the grating with Λ2 and Λ1 respectively. Then the positions 

of diffraction orders will be project to the screen using simple geometry as explained in Fig. 5.3. 

The position of the diffraction order on the unit sphere can be determined by the grating equations 

in direction cosine space. Assuming that the diffraction on the unit sphere is C(PS, yS, tS), the 

projection of C on the screen is D(P#, y#, t#), whose position can be evaluated using the following 

equations: 

 

Fig. 5.3. Projection of the diffraction order on the unit sphere and the screen. The screen is perpendicular 

to the αm -axis 

 
��

��

= $"$â = %$/$  → "l = %$/$ XE = %$¥& tS → t# = %$¥& tS  (5.3) 



112 

 
%"/â = %$/$ = %$¥& → y# =  Ùl = %$¥& yS → P# = Ù'  (5.4) 

Where MO is the distance between the screen and O. After determining the positions of diffraction 

orders, the intensity distribution can be calculated using RCWA with the modeled structures are 

shown in Fig. 5.4c (plane view) and Fig. 5.4d (cross view), created by mimicking sample topology 

characterized by SEM in Figure 5.4a, TEM and Raman analysis in Figure 5.2. The refractive 

indices of the layers are approximated for the simplification. In fact, in the following simulations, 

the refractive indices of the materials play an insignificant role in controlling the asymmetric 

diffractive patterns. Figure 5.4c shows plane view of a unit cell for the simulation with the width 

of 5 μm, the height of 12 μm and a slanted line in the middle representing the defect. Figure 5.4f 

displays the simulation result, where each green dot corresponds to the diffraction orders and their 

sizes are proportional to the diffraction efficiencies. Notice that the size of 0th diffraction order is 

deliberately reduced for better visualization, because its diffraction intensity is much higher than 

other diffraction orders. Comparing the diffraction pattern with the experimental measurement, a 

good agreement can be seen. It is thus can be concluded that the geometrical shape  

 

Fig. 5.4. (a, b) Optical Microscope and SEM pictures of the sample illuminated by the laser with scanning 

speed of 300 μm/s. (c) Simulated unit cell of the sample in RCWA with the color bar represents relative 

permittivity of the grating structures. (d) Cross view of the simulated sample (e) Diffraction pattern of the 

samples shown in experiment captured on a screen. (f) Simulation results of the sample with each dot 

represent the diffraction orders and their sizes are proportional to the diffraction efficiency (except the 0th 

diffraction order) 
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of the gratings explains the asymmetry, where the slanted grating tilted to the right. Figure 5.5 

further validates the dependence of the diffraction pattern on the grating shape. While changing 

the refractive indices of the materials, the diffraction pattern remains unchanged (Fig. 5.5b), 

however when the slanted grating is flipped, the diffraction pattern is flipped correspondingly (Fig. 

5.5d). This is also the case when we flip our sample in the measurement as shown in Fig. 5.5e. 

 

Fig. 5.5. (a, c) Simulated unit cells of the sample in RCWA with the color bar represents relative 

permittivity of the grating structures with the same cross section shown in Fig. 5.4d. (b, d) Simulation 

results correspond to grating structure with unit cells in a & c respectively. (e) Diffraction patterns of the 

rotated sample in simulation in comparison with the simulation in d.   

5.5 Circular diffraction pattern under inclined incidence  

As mentioned in the previous section, the nanoparticle grating does not diffract light under normal 

incidence due to the subwavelength period. However, the diffracted light from the grating can be 

captured under oblique incidence angle as shown in Figure 5.6, which will be further discussed 

herein. Figure 5.6a shows the SEM image of the sample at 100 μm/s, where the nanoparticle 

grating with the period of Λ3 = 344 nm is highlighted. The grating forms curvatures that matches 

the arc of circle with an angle of 31.40°. Under the incidence angle of θ = 35° and the wavelength 
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of λ = 514.5 nm, unique circular diffraction patterns captured on the screen, perpendicular to the 

incidence plane and sample, at the distance  

 

Fig. 5.6. (a) SEM pictures of the sample illuminated by a laser beam with scan speed of 100 μm/s. The 

nanoparticle grating is highlighted that matches with the curvature with an angle of 31.40. (b) Diffraction 

pattern of the sample observed under an incident laser light of λ=514.5 nm and θ = 350, captured onto a 

screen perpendicular to the sample and incidence plane 

of 15.7 cm away from the sample. Reminding that the sample is consisted of three superimposed 

gratings and they all exhibit diffraction under the illumination conditions. Therefore, to understand 

the origin of the diffraction pattern, we step by step investigate the contribution of each grating to 

the diffraction property. The investigation is organized as Fig. 5.7, where we first determine the 

position of diffraction orders of the cross grating with Λ1 = 12 μm and Λ3 = 344 nm. Using equation 

5.2 for the gratings with Λ1 = 12 μm and Λ3 = 344 nm, we calculate the positions (αm, βm, zm) and 

then project them on the unit sphere (in reflection side), with tS = (1 − (PS� + yS�  . Then the 

diffraction orders are projected to the screen with the same configuration as the experiment (Fig. 

5.3). According to equation 5.2, only the 1st diffraction order (m = 1) of the grating with Λ1 = 12 

μm is satisfied, whereas diffraction orders for the grating with Λ2 = 344 nm are restricted from -9 

≤n ≤9, as displayed in Fig. 5.7b & c. The next step is to plot the position of diffraction orders 

generated by the 2D grating but the grating with Λ3 = 344 nm is now curved, with the tangent line 

(Fig. 5.7a) making an angle of 74.3 ≤ψ ≤105.7 to the α-axis, to mimic the nanoparticle grating 

shown in Fig. 5.6a. The structure can be seen as many 2D gratings combined, with arbitrary 

orientations determined by Ψ. To understand the diffraction behavior of these gratings, we apply 
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the general grating equation (in reflection side) in direction cosine space with arbitrary orientations 

to determine the position of diffraction orders on the unit sphere: 

 

Fig. 5.7. Illustration of the position of incidence (green dots) and diffraction orders on unit sphere and 

screen with different grating structures illuminated by incident beam with λ = 514.5 nm and θ = 350. 

Position of diffraction orders on the unit sphere and screen, (a-c) for the gratings with Λ1 = 12 μm, Λ3 = 

340 nm, (d-f) for the gratings with Λ1 = 12 μm, Λ3 = 340 nm, but the latter is consisted of circular arcs 

with tangent line making an angle of 74.3 ≤ψ ≤105.7, (g-i) for three grating structures with Λ1 = 12 μm, 

Λ2 = 5 μm, Λ3 = 344 nm 

 PS,e = −P� + S��) Nk�Ψ, yS,e = −y� + S��) W�NΨ + e��· , tS,e = (1 − (PS,e� + yS,e�      (5.5) 

To obtain non-null diffraction intensity, it is necessary that the diffraction orders generated by the 

curved grating overlap with the diffraction orders generated by the gratings with Λ1 = 12 μm, 

which can be simplified by the following equation: 
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     y),� = y�,e ↔ ��) W�NΨ = e��· ↔  W�NΨ �  e�)�·            (5.6) 

 

Fig. 5.8. Diffraction pattern in both transmission and reflection of the grating structures described in Fig. 

5.7g. 

The equation indicates a constraint, where only gratings with the orientation satisfies Equation 5.6 

can produce real diffracted light. Combining equation 5.5 and 5.6, we plot the position of 

diffraction orders on the unit sphere and project to the screen. As shown in Fig. 5.7d-f, the structure 

generates nearly a half of an annular shape with the inner pipe corresponds to the grating with Ψ 

= 900 and the outer pipe corresponds to the grating with Ψ = 74.30 and Ψ= 105.70. Finally, we add 

the grating (Λ2 = 5 μm) to mimic the defect of the sample. Here, we ignore the slight tilt of the 

grating and assume that it is parallel to the β-axis. The equation in direction cosine for the three 

superimposed gratings can be expressed as 

PS,e,} = −P� + S��) Nk�Ψ + }��� , yS,e,} = −y� + S��) W�NΨ + e��· , tS,e = ¶1 − (PS,e,}� + yS,e,}�      

                     (5.7) 

with k represents diffraction orders generated by the grating with Λ2 = 5 μm. Calculating the 

position of diffraction orders using equation 5.7, we project them on the unit sphere and the screen 

as shown in Fig. 5.7h & i. Interestingly, the presence of the defect adds multiple annulus beside 

the main annulus with k = 0. Note that the diffraction patterns are only presented in reflection side, 
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to show the complete pattern in comparison with the experiment, we also need plot the positions 

of diffraction orders in transmission side. It is obvious that αtrn = αref, βtrn = βref for ntrn = nref = nair 

with trn, ref represent transmission and reflection respectively. Therefore, the diffraction orders in 

transmission side will be symmetry to the ones in reflection side. The full diffraction patterns for 

both reflection side and transmission side with the incidence angle of 35° is shown in Figure 5.8, 

appearing full circular diffraction pattern. It is noted that the circular diffraction patterns shown in 

Figure 5.8 are much thicker than the ones shown in experiment (Fig. 5.6b), attributed to the uneven 

distribution of nanoparticle grating curvature, where only part of the grating exhibits diffraction. 

To support our claim, we compare the diffraction pattern  

 

Fig. 5.9. Comparison between experiment (first row) and simulation (second row) of the far field 

diffraction pattern at the varying incidence angle with the experimental set up as described in Fig. 5.6b. 

produced by the sample under the varying incidence angles as shown in Figure 5.9. Simulations 

are carried out using Equation 5.7 with the discrete values of Ψ (83.7 ≤ ψ ≤ 95.7, 74.3 ≤ ψ ≤ 75.3, 

104.7 ≤ ψ ≤ 105.7), implying that the nanoparticle array is not uniform and the diffraction effect 

generated by the gratings is only accounted at the middle and the edge areas of the NPs curved 

lines. The 0th diffraction patterns are highlighted upon k = 0 and 83.7 ≤ ψ ≤ 95.7 (middle area of 

NPs grating). Comparing the experiment and simulation, one can clearly see a good agreement in 

the evolution of the diffraction pattern as a function of incidence angle, proving the combination 

diffraction effect of the three superimposed gratings in generating the unique patterns. 
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Interestingly, increasing laser scan speed totally rule out the circular diffraction pattern, attributed 

to the disappearing of the curved self-organization of nanoparticle array as shown in Fig. 5.10 & 

5.11.      

 

Fig. 5.10. Experimental results of the diffraction property of the samples inscribed at different scan speed 

(v) illuminated by and incidence with λ = 514.5nm and θ = 350. Only sample with the speed of 100 μm/s 

shows the unique circular diffractions. 

 

Fig. 5.11. SEM pictures of the samples inscribed by laser with different laser scanning speed (v). A 

periodic NPs grating curve is shown in the sample with v=100 μm which is absent in other samples. The 

scale bar is 10 μm.     
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5.6 Conclusion 

This chapter studies the diffraction properties of three superimposed grating induced by laser 

process, including laser drawing lines, self-organized defect and self-organized nanoparticle 

grating. At normal incidence, the sample exhibits asymmetric diffraction patterns, resulting from 

the diffraction effect of laser drawing lines and the defect, where the tilt of the defect plays an 

important role on determining the asymmetry. In addition, under oblique incidence angle, a series 

of circular diffraction patterns are captured at a screen oriented perpendicular to the incidence 

plane and the sample. Simulations are carried out using grating equations for three gratings written 

in direction cosine space to reveal the combination diffraction effect of the three superimposed 

gratings in generating the circular diffraction patterns. These interesting diffraction properties of 

the laser-empowered nanostructures can find applications in display technology or security.     
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6 Summary and Future Perspective 

6.1 Summary 

Motived by the long-standing questions related to different dichroism, diffraction and color 

properties of laser-induced plasmonic nanomaterials, this thesis integrates comprehensive material 

characterizations, experiments and electromagnetic simulations to elucidate the unanswered 

questions and provide a deeper understanding on the underlying physics of the nanomaterial 

optical behaviors. The investigations are conducted on the silver titania nanocomposites processed 

by cw and ns lasers. In general, origins of different structural color properties are revealed and 

many of the optical effects are, in fact, used in industrial applications for new security or vision 

functionalities. Considering the wide range of the opto-structural properties of the material 

produced by cw and ns laser, the thesis is organized into chapters with the brief descriptions and 

the main results are concluded as below.   

In the first chapter, the general properties of LSPR, collective plasmonic resonances and the 

simulation method using the expansion of T-matrix method to solve the multiple scattering 

problem are introduced. Following the theoretical background in chapter 1, chapter 2 presents the 

experimental techniques used to produce the samples, consisting of solgel-based sample 

preparation, laser printing set-up using continuous laser and nanosecond laser and characterization 

of resulting colors.  

In Chapter 3, we comprehensively examine and analyze the impact of intrinsic spatial disorder and 

size dispersion on the optical properties of laser-induced self-organized plasmonic metasurfaces. 

The investigation encompasses an array of simulations conducted on regular structures, 

incorporating different array sizes, levels of disorder and size distributions. Furthermore, 

characterizations of actual sample, including SEM, TEM and Raman analysis, are also carried out 

to construct the real-like sample. The simulation results of the real-like sample are proved to be 

sufficient in reproducing the optical statistical properties of the real sample. By further 

investigating the near-field distribution of the sample at normal and inclined incidences, the 

dichroism is revealed as the result from the coupling between the dipolar mode of LSPR of 
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individual metallic particle and the supported guided mode excitation. These farfield and near-

field investigations show that the sample inhomogeneities arising from the fabrication technique 

do not significantly disrupt the overall optical properties. This conclusion is further validated 

through the study of the different laser-induced nanostructures, exhibiting varying periods, size 

distribution and dichroism.              

In chapter 4, we focus on the optical properties of metasurfaces induced by nanosecond laser. A 

wide range of different diffractive, dichroic properties and color responses are generated, which 

result from two main features: regular organization of metallic nanoparticles and periodic surface 

modulations. The morphological profiles of the samples are characterized by scanning electron 

microscopy and atomic force microscopy, underlying laser parameter range that produces 

metasurfaces exhibit diffraction, dichroism or both phenomena simultaneously. We also 

emphasize the significance of opto-structural parameters of the self-organized nanoparticles array 

in contributing to the coherent scattering intensity or diffractive efficiency. In addition, 

electromagnetic simulations enable us to unravel the role of near-field and far field coupling of the 

metallic nanoparticle array in inducing sample dichroism. Finally, different laser-empowered 

plasmonic images are produced, which can be visible in different observation modes, to highlight 

the promising of the approach in manufacturing optical devices for security or vision applications.    

In chapter 5, the diffraction properties of three superimposed grating structures induced by 

continuous laser are investigated. Specifically, the investigated gratings consist of laser drawing 

lines, self-organized defects and self-organized nanoparticle gratings. At normal incidence, the 

sample displays asymmetric diffraction patterns, arising from the diffraction effects of the laser 

drawing lines and the defects, where the tilt of the defect plays an important role in determine the 

asymmetry. Most interestingly, when illuminated by an oblique incidence angles, sample exhibits 

series of circular diffraction patterns captured on a screen, which is perpendicular to both the 

incidence plane and the sample. The simulations, employing grating equations for the three 

gratings written in direction cosine space, elucidate the combination diffraction effects of the three 

gratings in generating the patterns.    
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6.2 Future Perspective 

The works presented in the thesis have contributed significantly to enhance our understanding of 

the comprehensive optical properties of laser-induced plasmonic metasurfaces. Nevertheless, 

given the broad spectrum of optical properties that can exhibit from these materials, there remains 

room for further explorations and investigations. In particular, the works can be extended by delve 

deeper into refractive color behaviors, focusing on the asymmetric color responses of materials 

induced by cw laser versus ns laser as shown in Figure 6.1. The intriguing question of why samples 

induced by cw laser exhibit a larger color range on the front side compared to the back side 

reflection, while the behavior is entirely reversed in the case of ns laser, presents a great area for 

further study. My assumption is that the opto-geometrical parameters, including film 

compositions, film thickness, nanoparticle size and the position of the particle relative to the layers 

of samples, undergo different modifications under cw vs ns which subsequently induce different 

color responses. It could be interesting to compare the simulations results of the color responses 

when systematically varying one parameter at a time for both samples produced by cw and ns 

laser. Such investigation would enable us to draw conclusive insights into which specific 

parameter governs the observed properties.  

 

Fig. 6.1. Asymmetric color behavior of samples induced by cw laser vs ns laser. (a) Illustration of cw and 

ns laser processing. (b) Reflective color of front side (green outline) and back side (red outline) for 

samples induced by cw and ns lasers at different processing parameters. (c) The reflective colors 

represented in La*b* color space and their projections.   



124 

 



125 

7 Annex 

7.1 Average Standard Deviation 

The standard deviation at each wavelength (V) reads:  

Ý� = +1® c (b�,� − r�)°g)�
�g)  (7.1)

with ® = 10 the number of simulations, b�,� the extinction efficiency at wavelength V of the 

simulation number k and r� =  )° ∑ b�,�°g)��g)  is the average extinction efficiency at wavelength V. 

The average relative standard deviation is then 

Ý = 1®� c Ý�r�
-.�

�gR.�  (7.2)

with ®� is the number of wavelength values.   

7.2 Guided Mode Calculation 

The calculation is carried out using the method proposed by C. Amra et al.158 A two-layer 

system, similar to the one shown in figure 1 or figure 5d, but without nanoparticles is considered. 

��, �), ��, �Y are the refractive indices of the superstrate, TiO2 layer, intermediate layer and 

substrate. �) and �� are the thicknesses of the two layers respectively. As demonstrated by Amra 

et al., the poles of the complex reflection coefficient correspond to guided modes of the structure. 

The complex reflection coefficient is defined as:  j� = e/0�10e/0B10 
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Where �/� = 2 )304Î0 ��W�Nu� (Ë�)
)304Î0 ��/W�Nu� (ËÙ) is the effective refractive index of the superstrate, u� is the 

incidence angle, 5� is the impedance of vacuum, rq0 is the superstrate relative permeability and 

ó� is the complex admittance at the first interface of the multilayer, which is defined as the ratio 

of tangential components of the electric and magnetic fields. For a multilayer system the 

complex admittance can be seen as the effective refractive index in a homogeneous medium. To 

calculate ó�, we can apply the recursive relation: 

ó��) = ó�W�N(P���) − k�/�Nk�(P���)W�N(P���) − k ¦ó��/�§ Nk�(P���) 
(7.3)

where the subscript � represents the parameter at layer � and P� = ¶��6e7� �� − (208)� with 8 =
��Nk�u�/V. The equation allows us the calculate the admittance of interface � − 1, given that the 

admittance of interface � is known. The admittance at substrate is simply equal to the effective 

refractive index: óY =  �/Y.  

Having ó� enables us to find 8 in which 
)q(9) = e/0(9)B10(9)e/0(9)�10(9) = 0. Finally, the effective refractive 

index can be calculated as �� = 8V. 

7.3 Silver particle refractive index 

Silver permittivity obtained from modified Drude model:  

 (�) = ϵ�; −  �#� �
ω� + ��Γ  (7.4)
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where  �. = 3.7 � is the contribution of interband transition and  � is the vacuum permittivity, �# 

is the frequency of plasma resonance with ℏ�# = 8.89 �Ì, Γ = Γ� + EFG/j is the damping 

constant with Γ� = 17.6 meV the damping constant of bulk silver, E = 1 a constant, F? =

1.39 	 10M m/s the Fermi velocity and j the particle radius.    

7.4 Duplicated structures 

For all the simulations in Chapter 4, the nanoparticle arrays are reproduced from the nanoparticle 

distribution of the real sample and then the obtained area is duplicated four times. The duplicated 

samples are constructed from the obtained area with the width and height are wy, hx and the 

coordinate in xy plane is x0, y0, and its three copies with the same size and the coordinates are: x1 

= x0 + hx + a, y1 = y0; x2 = x0, y2 = y0+ wy + b; x3 = x0 + hx + a, y3 = y0+ wy + b, with a = 300 (nm), 

b = 100 (nm) for the simulations in Figure 4.5 & 4.7-9 and a = 325 (nm), b = 100 (nm) for the 

simulations in Figure 4.13.  
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