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Abstract 

Machado, Yan Dalton Rodrigues, Isabel Cristina dos Santos Carvalho 

(Advisor) Optical characterization and optimization of nano and 2D 

materials. Rio de Janeiro, 2025. 96p. Physics Department, Pontifícia 

Universidade Católica do Rio de Janeiro  

The optical characterization and optimization of nano- and two-dimensional 

(2D) materials are fundamental for advancing photonic devices and applications. 

This dissertation is divided into four different investigations on optics and presents 

an integrated approach combining experimental and computational methods to 

investigate and enhance the optical properties of these materials. First, light 

scattering phenomena was explored using random laser systems and numerical 

simulations to determine the scattering efficiency of different natural nanomaterials 

for various applications such as phototherapy devices. Second, hyper-Rayleigh 

scattering (HRS) technique was employed to characterize the second-harmonic 

generation, revealing nonlinear optical responses of nanocrystals. Additionally, the 

optical behavior of transition metal dichalcogenides (TMDs) under external 

excitations, such as varying electric fields, was systematically studied, providing a 

deeper understanding of their tunable properties and degradation mechanism. 

Finally, the optimization of nanomaterials was addressed through the application of 

a multi-objective genetic algorithm (MOGA), enabling the identification of 

geometrical configurations with enhanced optical properties for plasmonic 

applications. 

 

Keywords 

Optical characterization;  optimization; lasers; scattering; 

nanomaterials;  2D materials;   machine learning. 
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Resumo 
Machado, Yan Dalton Rodrigues, Isabel Cristina dos Santos Carvalho 

(Orientadora) Caracterização óptica e otimização de materiais 

bidimensionais e nanométricos. Rio de Janeiro, 2025. 96p. Departamento 

de Física, Pontifícia Universidade Católica do Rio de Janeiro  

A caracterização óptica e otimização de materiais nano e bidimensionais (2D) 

são fundamentais para o avanço de dispositivos e aplicações fotônicas. Esta 

dissertação está dividida em quatro diferentes linhas de pesquisa em óptica e 

apresenta uma abordagem integrada combinando métodos experimentais e 

computacionais para investigar e aprimorar as propriedades ópticas destes 

materiais. Primeiro, os fenômenos de espalhamento de luz foram explorados usando 

sistemas de laser aleatórios e simulações numéricas para determinar a eficiência de 

diferentes nanomateriais naturais. Em segundo lugar, técnicas de espalhamento 

hiper-Rayleigh foram empregadas para caracterizar a geração de segundo 

harmônico, revelando a resposta óptica não linear de nanocristais. Além disso, o 

comportamento óptico dos dichalcogenetos de metais de transição (TMDs) sob 

excitações externas, como campos elétricos variados, foi estudado 

sistematicamente, proporcionando uma compreensão mais profunda de suas 

propriedades e degradação. Por fim, a otimização de nanomateriais foi abordada 

através da aplicação de um algoritmo genético multiobjetivo (MOGA), 

possibilitando a identificação de geometrias com propriedades ópticas aprimoradas 

para nanomateriais metálicos. 

 

Palavras chave 

Caracterização óptica;   optimização; lasers; espalhamento; 

nanomateriais;  materiais 2D;   aprendizado de máquinas. 
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1  
Introduction 

The research hereby reported was conducted at the Optoelectronics 

Laboratory (LOpEL) at the Pontifical Catholic University of Rio de Janeiro (PUC-

Rio). The dissertation encompasses a series of investigations spanning various 

domains of optics and nonlinear optics. Each chapter focuses on a specific  

experiment, beginning with theoretical foundations and progressing through 

methodology, results and different applications. 

The unifying theme across all reported work is the interaction between light 

and materials. This interaction forms the backbone of many technological 

advancements, from telecommunications and phototherapy to energy harvesting 

and environmental sensing. The unique ability of optical materials to manipulate 

light—through absorption, reflection, refraction, and scattering—has allowed 

unprecedented possibilities for innovation. 
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2  
Light scattering in nanomaterials & Random Lasers 

This chapter describes various characterization techniques utilized to quantify 

the scattering efficiency of different nanomaterials. The initial section provides a 

brief overview of the fundamental physics of light scattering. The chapter then 

transitions into two sections: one dedicated to cellulose nanocrystals [1] and the 

other to quartzite nanoparticles [2], both of which have been extensively 

characterized and identified as highly efficient for light scattering purposes. 

 

2.1. Light scattering phenomena 

Light is rarely observed directly from its source [3].  Most of the light we 

perceive reaches our eyes indirectly. When we look at a house or a car, we see 

sunlight that has been diffusely reflected. When gazing at a cloud far in the sky, we 

see sunlight that has been scattered by atmospheric particles. Even a lamp typically 

does not emit light directly from its source filament; instead, we observe light that 

has interacted in various ways with the surrounding glass bulb. When studying light 

and its applications, it is inevitable that we face problems that require us to 

understand the phenomena of light scattering. 

This phenomenon is often accompanied by absorption. A leaf from a tree 

looks green to the human eye because it scatters and reflects that color while 

absorbing the others, meaning part of the energy of the light is converted into some 

other form, which for most will be irrelevant for our purpose. 

Scattering and absorption both contribute to the reduction of energy in a beam 

of light as it propagates through a medium, a phenomenon that will be referred to 

as extinction. The extent of this attenuation depends on the optical path length, 

which determines the degree of interaction between the light and the medium. For 

instance, sunlight appears weaker and redder at sunset compared to noon, 

illustrating that extinction is more pronounced for blue light over the longer 

atmospheric path. 
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Light scattering plays a crucial role in a wide range of applications across 

science and technology. In biomedical imaging, it is used to diagnose diseases 

through techniques like optical coherence tomography [4] and Raman spectroscopy 

[5], which rely on the interaction of light with biological tissues. Environmental 

monitoring benefits from light scattering in the analysis of atmospheric particles 

[6], aiding in the detection of pollution and the study of climate change. In material 

science, scattering measurements provide insights into the structural and optical 

properties of nanomaterials [7], enabling advancements in photonic devices and 

sensors. Finally, light scattering serves as the foundation for the development of 

random lasers, which will be the primary focus of this chapter. Random lasers not 

only have a wide range of applications but also provide a valuable framework for 

analyzing and understanding the scattering efficiency of various nanomaterials, 

which is one of the things I focused on during my research. 

 

2.2. (Random) Lasers 

The principle of Light Amplification by Stimulated Emission of Radiation, or 

LASER, (almost) describes the core mechanism behind the operation of lasers. In 

conventional lasers, a pump source energizes the gain medium, leading to a 

population inversion where electrons in the materials' atoms are elevated to higher 

energy states [8]. When these excited electrons return to their ground state, they 

emit photons coherently, resulting in optical amplification within a well-defined 

resonant cavity, such as mirrors or fiber loops, which ensures directional and highly 

monochromatic emission. 

In contrast, random lasers operate without a traditional resonant cavity. 

Instead, their lasing relies on multiple scattering events within a disordered gain 

medium, which randomizes the photon paths. This unique configuration results in 

spatially incoherent but spectrally narrow emission. As discussed earlier, scattering 

usually contributes to the reduction of energy of the original beam of light. In the 

case of a random laser the material responsible for scattering may be, in the most 

conventional architecture, doped with or suspended in a fluorescent solution that 

will allow for optical feedback to happen after each scattering event. 

The first demonstration of sustained oscillation in a pumped gain medium 

without the presence of mirrors or a closed cavity was reported in 1966 by R. V. 
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Ambartsumyan and Nobel laureate N. G. Basov [9]. They described their discovery 

as “a laser with non-resonant feedback.” Two years later, V. S. Letokhov published 

pioneering work proposing the “generation of light by a scattering medium with 

negative resonance absorption” [10], and in the following year  presented a 

comprehensive review and outlook on “non-resonant feedback in lasers,” laying the 

groundwork for what we now refer to as random lasers. I highly recommend reading 

through Letokhov's early work as it is highly interesting and theoretically explores 

several configurations for open cavities and non-resonant feedback schemes, some 

of which they accomplished experimentally, and for others they were way ahead of 

their time.  

The real breakthrough in demonstrating laser action in strongly scattering 

media was only realized in 1994 [11]. This was accomplished using a colloidal 

suspension composed of an organic fluorescent dye as the gain medium and 

nanometer-sized rutile (TiO₂) nanoparticles as the scatterers. The gain medium was 

excited by nanosecond pulses from the second harmonic of a Nd:YAG laser, while 

the rutile nanoparticles provided the optical feedback required for lasing.  

 

Figure 2-1: (a) conventional and (b) random laser schemes.  

In our work we used a very similar system to determine the scattering 

efficiency of different organic materials, as will be seen in the next subchapters. 

Recently, various work described the physics of RL discussing in [12,13], 

[14,15] and [16], the Poisson and Bose-einstein statistics for random lasers, Lévy 

regimes for light scattering and the glassy behavior of light, respectively. More than 

that, Table 1 from the recent review reported in [17] offers a great overview of 

breakthroughs in the field and a collection of articles and book chapters on the topic.  
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2.3. Identifying random laser action 

Back in 2018, when I first started working with Isabel as an undergraduate 

research assistant, I remember making my first random laser samples and obtaining 

great results. That was only to find out later, when I did a test with only Rhodamine 

6G and no scatterers, that the laser emission I was observing was a result of the 

cylindrical vial having whispering gallery modes [18]and my excitation laser being 

misaligned. Or due to the excitation beam being perpendicular to the cuvette faces 

and the internal reflections making a cavity that would sufficiently excite anything 

fluorescent that I put inside of it.  

There are many ways to determine if a sample is lasing, but it may still be 

tricky. Sometimes the hard part is determining whether the feedback is indeed being 

generated by the scattering material instead of other factors as stated above. 

As outlined in the previous section, the key requirements for random lasing 

are the presence of net optical gain and multiple scattering. Multiple scattering 

occurs when the sample size (L) exceeds the transport mean free path (TMFP, lt). 

Considering the scattering efficiency and the wavelength of light, RLs can be 

divided in two main categories . 

Anderson-localized random lasers occur under conditions of strong scattering 

(lt < λ < L), where closed scattering paths result in strong interference. This leads 

to the formation of spatially localized modes and lasing peaks with linewidths 

typically ranging from 0.01 nm to 0.1 nm. In these systems, the mode linewidth is 

narrower than the mode spacing, meaning the modes do not overlap and remain 

uncoupled, apart from indirect coupling through the optical gain (Fig. 1e). 

Delocalized random lasers, also referred to as diffusive, occur under weaker 

scattering conditions ( λ < lt < L). In this regime, optical modes are broad, resulting 

in extended optical modes that span the entire system. Typically, due to temporal 

and/or spatial averaging, no distinct sharp peaks are observed. Instead, an overall 

line narrowing is seen around a broad lasing peak, reducing the emission linewidth 

from ~50–100 nm (spontaneous emission) to a few nanometers under lasing 

conditions, as observed with typical laser dyes. 

The most common experimental evidence for random lasing action is the 

observation of a threshold pump intensity, which is the metric mostly used in this 

work. This is identified by an intense increase of emitted fluorescence intensity that 
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increases superlinearly with pump power, exhibiting a pronounced change in its 

linear plot. This behavior serves as a clear indicator of fluorescence being overtaken 

by stimulated emission. This is accompanied by a strong reduction in the full width 

half maximum of the emission spectra, as spontaneous emission is surpassed by a 

stimulated narrow band. This characteristic spectral narrowing, often used as 

evidence of lasing phenomena, serves as an equivalent measure of the increase in 

the temporal coherence of light. 

I highly recommend Nature expert recommendation written by Riccardo 

Sapienza [19], as it clarified to me the properties and why a random laser is actually 

a laser, which has been discussed in literature for some time in the early 2000s. In 

this work he also discusses other metrics regarding photon statistics, experimentally 

assessed by the second order correlation and single mode intensity statistics shift 

from Bose-Einstein to Poisson statistics from below to above threshold, as well as 

the theoretical background in coherence, mode selection and laser dynamics 

fluctuations.  

 

2.4. Cellulose nanocrystals  

The first material I will be addressing in this dissertation is cellulose 

nanocrystals. The idea of testing this material as scatterers for random laser systems 

comes from our collaborators Susete N. Fernandes and Maria H. Godinho from 

i3N/CENIMAT (Universidade Nova de Lisboa), who wanted to test bio-degradable 

scatterers and have vast experience in developing cellulose materials and their 

electrical and optical properties.  

I worked both on the conventional fluorescent dye suspension random laser 

configuration with cellulose nanocrystals as scatterers and on a new flexible solid 

film made with hydroxypropyl cellulose utilizing the same scatterers, which opens 

to different applications as I will discuss in 2.4.6 (Phototherapy Device & 

Applications). 

Results hereby reported are partially published in the Journal of the Optical 

Society of America, v. 37, n1, p24-29 [1] and were presented in CLEO Europe [98]. 
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2.4.1. Materials & methods 

The cellulose nanocrystals used were obtained from microcrystalline particles 

produced from cotton, as described in [20]. Cotton fiber is the purest source of 

cellulose found in nature as it presents a higher content of cellulose among plant 

cells.  The nanocrystals were provided by our collaborators and used as received 

after undergoing a freeze-drying process (Zirbus, VaCo 2). They were supplied in 

the form of white flakes composed of multiple cellulose nanocrystals. 

To obtain the liquid suspension for the random laser samples, different 

amounts of CNCs were diluted in an ethylene glycol (Reagen, 99.8%) solution of 

Rhodamine6G (Sigma Aldrich, powder dye-content ~95%) at 1.0 mM 

concentration. Tests were performed with samples containing 1.0 mg/mL, 2.0 

mg/mL, 5mg/mL, 7.0mg/mL, 10 mg/mL and 15mg/mL concentrations of CNCs as 

scatterers. After making the suspensions, they were then sonicated until the 

complete dispersion of the cellulose nanocrystals in the suspensions. Suspensions 

with scatterer concentration under 1 mg/mL and over 15 mg/mL are not further 

studied since they are highly inefficient for random lasing. 

To obtain the solid film suspensions, 0.22 g of HPC (Sigma Aldrich 99%, 

average MW=100.000) and 1.0 mg of CNC were added to 2.0 mL of distilled water 

and then sonicated (130 W, Sonics Vibra-Cell CV18) for three 5 min sessions for 

complete dissolution of HPC. Afterwards, 100 µl of a 1.0 mM EG solution of RH6G 

were added to the HPC ultrasound bath (Ultraclear 700, 50 kHz) for 5 min. The 

final suspensions were drop casted on polypropylene molds with 3.5 cm x 2.0 cm 

and dried in an oven at 60 °C for ~1 h, forming a film with 70µm thickness.  

In all the work presented in this dissertation, Rhodamine 6G (Rh6G) 

suspensions at a concentration of 1 mM in ethyleneglycol (EG) were used [21,22]. 

This choice was made to ensure consistency and facilitate comparison with recently 

published studies, which commonly employ the same fluorescent dye under similar 

conditions.  

Random laser measurements were made right after sample preparation and 

drying process for suspensions and films, respectively. 
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2.4.2. SEM characterization of CNC needles 

To verify the average dimensions of the cellulose nanocrystals (CNCs), 

aqueous suspensions at a concentration of 0.01 wt.% were prepared, and droplets 

were deposited onto aluminum stubs. The samples were allowed to evaporate at 

room temperature and then coated with a thin carbon layer using a Q15-T ES 

Quorum sputter coater. Images of the CNC flakes were captured using a JEOL JSM 

6701F SEM-FEG, while individual crystals were imaged using a Carl Zeiss Auriga 

crossbeam (SEM-FIB) workstation, operated at 2.0 kV and 5.0 kV respectively.  

To measure the average dimensions of the nanomaterial, ImageJ software 

(version 1.45s) was used, and values of 135±48 nm and 4±1nm for length and 

diameter of the nanoneedles were determined. Figure 2-2 shows the images 

obtained through electron microscopy, showing the morphology of the CNC flakes 

(macro-sized agglomerates, Fig. 2-2a,b) and as individual needles (Fig. 2-2c). 

 

Figure 2-2: Images obtained by SEM-FEG (a) of the CNCs as in flakes (macro-sized 

agglomerates), (b) cross section and (c) of the individual needles after sonication. 

 

 As can be noticed, the CNC flakes are formed by nano-fibrillated cellulose 

[20]. In the agglomerates the needles stack up in a self-organized form 

perpendicular to the cross section break of the material. After the sonication 
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process, only needles are left in the fluorescent suspensions, and they are 

responsible for providing the scattering needed for the optical feedback in the 

random laser system. 

 

2.4.3. SEM characterization and polarized optical microscopy of 
HPC+CNC solid films 

The polarized optical microscopy images (Figure 2-3), obtained using a Leica 

DM2500 optical microscope, reveal no evidence of CNC clustering in either the 

HPC or HPC + CNC solid films. Such clustering, if present, could influence the RL 

efficiency due to a very small scattering mean free path, not allowing scattered 

photons to interact enough with the fluorescent material to provide feedback. In 

reference [20], hierarchical self-organized cholesteric are detected and noticeable 

through polarized light domains being present both in microscopic and macroscopic 

scales. 
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Figure 2-3: Digital photographs and light-polarized optical micrographs of HPC (above) and 

HPC+ CNC (below) films. 

The observed light contrast in the polarized optical microscopy images for 

both films arise from the intrinsic birefringence of the composites. Despite their 

transparency to visible light, birefringence emerges due to the presence of two 

phases with differing refractive indices. These findings further confirm the absence 

of hierarchical CNC clustering in HPC films. 

Nevertheless, this does not imply that the distribution of CNC needles is 

entirely random. Field-emission scanning electron microscopy (FEG-SEM) images 

of the HPC+CNC film cross-section (Fig. 2-4), acquired using a JEOL JSM 

7100FT, indicate that the CNC needles are predominantly aligned in stacked layers 

along the film's longitudinal axis. On a macroscopic scale, this alignment suggests 

a long-range morphological organization.  

 

Figure 2-4: FEG-SEM images of HPC film containing 5 mg/mL of CNC. 
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2.4.4. Experimental details 

The lasing spectra of all samples were measured upon excitation with a pulsed 

frequency-doubled Q-switched Nd:YAG laser (Brio-Quantel, Ultra, 6 ns) operating 

at 10 Hz. The excitation beam (λ = 532 nm) intensity was controlled through a half 

waveplate together with a polarizer, carrying a maximum of 9 mJ with a 2.1 mm 

beam diameter. A 75 mm convex lens was used to collect the RL emission and 

direct into the collector fibre plugged to the spectral analyser. The spectrometer 

used was an Ocean Optics USB4000-UV-VIS (1.5 nm spectral resolution in visible 

range). The measurements of all samples were recorded under identical 

experimental conditions and carried out at room temperature. Experimental setup 

can be seen in Figure 2-5 with all equipment and details listed. 

The Nd:YAG laser has its centre emission at 1064 nm, and was used with a 

frequency doubling crystal that offers around 30 % energy efficiency. To remove 

unwanted infrared radiation from exciting and burning the samples, we used a 

harmonic beamsplitter or dichroic mirror (99% 1064 nm reflectance at 45 degrees) 

and a coloured filter. 

 

Figure 2-5: Experimental setup used for RL characterization (left) and each component in 

details (left). 

 To record the lasing spectrum excitation light is directed at the 10 x 10 mm 

quartz cuvette with the suspension at 45 degrees. If we don’t do that, lasing may 

occur as in the case of a Fabry-Perot cavity due to internal reflections on the 10 x 

10 mm cuvette walls [19]. It is also important to avoid using cylindrical vials, which 

may also evidence lasing phenomena due to the excitation pump forming stationary 
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waves in the form of whispering gallery modes, strongly exciting the fluorescent 

dye in place of the scattering events, as discussed before. 

 

2.4.5. Random laser results 

2.4.5.1. CNCs + Rh6G suspension 

The lasing emission from the CNCs + Rh6G suspension is evidenced by a 

spectral narrowing for samples under increasing excitation energy. For samples of 

all concentrations, the full width half maximum (FWHM) is strongly reduced from 

60 nm to ~8 nm, from below to above the lasing threshold, as can be seen in Figure 

2-6. 

 

a) 
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Figure 2-6: (a) Full width half maximum as a function of the excitation energy for different 

scatterer concentrations; (b) fluorescence intensity for increasing energies (inset shows 

normalized data for energy below and well above threshold). 

 

The emitted intensity is highly affected by the incorporation of more 

scatterers into the laser system. Figure 2-7 shows the emission intensity in a 

logarithmic scale to reveal the threshold energy for different CNC concentrations. 

For the optimal case, in which we used 5 mg/mL scatterer concentration, the RL 

efficiency greatly improves with a threshold of 0.35mJ, which corresponds to 50% 

of the energy threshold for a sample with same dye concentration and 1 mg/mL 

CNCs. Above the optimal concentration we also have a decrease in efficiency, 

which is discussed later in the text. For scatterer concentrations above 10 mg/mL, 

lasing action does not occur.  

 

b) 
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Figure 2-7: Logarithmic peak fluorescence intensity as a function of the excitation energy for 

different concentrations. The extrapolated line shows indicates the lasing threshold for the 

most efficient sample. 

 

2.4.5.2. HPC + CNC flexible film & comparison 

The self-supported, flexible HPC-CNC-Rh6G random laser (RL) was 

systematically characterized and its performance compared to that of the CNC-

Rh6G suspension RL, as can be seen in  Figure 2-8 highlighting the linewidth 

reduction and the emitted intensity as functions of input power. It is important to 

note that the film samples contain approximately 10% fewer CNC needles 

compared to the suspension format. Despite this difference, both formats exhibit a 

similar energy threshold of ~0.3 mJ. However, for the film sample, the excitation 

energy was limited to a maximum of 1 mJ to prevent sample degradation, which 

occurred at higher energy levels and will be discussed in the next subsection. 
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Figure 2-8: (a) FWM as a function of the excitation energy and (b) logarithmic peak 

fluorescence intensity as a function of the excitation energy for both samples. 

It is important to highlight that the self-supported film configuration offers 

enhanced flexibility and allows the RL to operate without relying on feedback from 

a solid substrate. This unique characteristic, combined with the physicochemical 

properties of the starting suspension used to cast films such as viscosity and 

colloidal stability suggests significant potential for many applications, such as 

cheap compact alternatives to bulky diodes commonly used in fluorescence-based 

detection devices [23].  

a) 

b) 
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 Scatterer concentration of CNC in the solid sample was 10.2 mg/cm³ and 

Rh6G concentration 4.92 x 1018 molecules/cm³; for the most efficient suspension 

plotted, the concentrations were 5 mg/cm³ and 5.47 x 1017 molecules/cm³. 

 In the solid-film system, both the CNC and Rh6G concentrations are higher 

than in suspension. However, in the thick HPC-CNC film, the laser beam traverses 

a considerably shorter optical path compared to the 10 x 10 mm in the cuvette. This 

results in a considerable reduction in the intensity of Rh6G emission. Despite this, 

the HPC-CNC film demonstrates excellent scattering properties, as evidenced by 

its threshold value being comparable to that of the liquid suspension. 

Additionally, the film exhibited a distinct pink color when dry after few hours. 

This coloration can be attributed to a shift in the peak maximum of its absorption 

band relative to the monomer peak position, suggesting the formation of J-type 

aggregates, while in the liquid suspension the absorption indicates not only 

monomers but also other types of aggregates (H & J types), which may justify the 

reduction in the overall emission intensity. 

An important limitation of organic-based random lasers (RLs) is their 

operating lifetime under continuous pumping. To evaluate the degradation of the 

random laser in the thick film configuration, the variation in FWHM and intensity 

as a function of the number of laser shots, above threshold (0.96 mJ), was analyzed 

(Fig. 2-9). The RL intensity decreased by 50% after approximately 7,500 shots at a 

repetition rate of 10 Hz, corresponding to ~10 minutes of operation. Concurrently, 

the FWHM broadened by 40% from its initial value of ~10 nm, eventually reaching 

40 nm. This low operational lifetime is a well-known characteristic of colloidal 

cellulose based RLs. A potential solution to this limitation is to employ solid-state 

gain media, such as rare-earth-doped nanoparticles or semiconductor-based nano- 

and micron-sized structures, which offer improved stability and longevity under 

pumping conditions, or to excite the material through an optical fiber to provide 

better energy distribution from inside the material. 
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Figure 2-9: Degradation of the random laser by the variation of the FWHM and the 

intensity as a function of the number of shots.  Degradation measurement is done at 0.96mJ and 

the repetition rate at 10Hz. 

 

I also recommend checking Table 1 from our published work [1], (Survey of 

Cellulose-Based Random Lasers) or Appendix A.1 where we compare our results 

and sample efficiency with previously published work. 

 

2.4.6. Phototherapy device & applications 

Phototherapy (also known as light therapy) has revolutionized medical 

treatment by offering non-invasive solutions for a variety of medical conditions. 

The technique consists in the exposure of the skin to specific wavelengths of 

electromagnetic radiation, usually from ultraviolet (UV) to near infrared (NIR). 

Exposure to UVA1 light (λ=340-400nm) penetrates deep into the reticular layer of 

the dermis which can suppress components of cell-mediated immune function by 

acting on fibroblasts, dendritic cells and inflammatory cells (particularly T-cell 

lymphocytes and mast cells) [24]. UVB radiation (λ=270-350nm) works in treating 

skin conditions such as psoriasis by suppressing DNA synthesis, reducing 

inflammation, and enabling the body to produce vitamin D3 to prevent deficiency 

[25]. According to the American Cancer Society, UV light therapy might also be 
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effective in treating some types of cancer through blood irradiation therapy [26]. 

Moving to the visible-range, blue light (λ=420-490nm) is often used to treat 

neonatal jaundice, which is caused by an excessive bilirubin accumulation that can 

cause damage to the central nervous system (CNS) and is neutralized with this 

wavelength due to bilirubin peak absorption and its isomerization when exposed to 

blue light [27]. Acne attenuation is also a common use of light-based therapies, with 

narrowband red light (λ=660nm) and pulsed dye lasers (λ~585nm) presenting 

bactericidal effects, disrupting sebaceous gland functions and exerting anti-

inflammatory action [28]. White light sources are also commercially available and 

said to prevent depression and seasonal affective disorder (SAD), but conclusive 

studies on the topic were not able to determine whether the therapy is more effective 

than placebo in regulating the circadian rhythm [29]. These are only a fraction of 

the applications of light as treatment for diseases, as the field is rapidly expanding. 

Light sources for phototherapy are diverse, and for now very few RL phototherapy 

devices have been proposed [30-32]. 

An important feature of the cellulose nanocrystals is their high scattering 

cross section across all visible range [20,33]. This fact, combined with the high 

efficiency of our material and flexibility in the form of a solid film, provide a great 

platform for phototherapy devices. 

We are currently working together with Prof. Denise Zezell (Institute for 

Nuclear and Energetic Research, IPEN) and working in developing tuneable 

phototherapy device. 

The synthesis procedure is the same reported in section 2.4.1 (Materials and 

Methods) of this document, but during the drying process a Corning SMF28 optical 

fibre is positioned into the cast through an incision and remains connected to the 

flexible film after the drying process. This fibre guides the excitation light directly 

into the sample increasing its efficiency and preserving its small size and non-

toxicity. During tests I was able to reduce the size of the sample down to 1 x 1 mm, 

still guaranteeing its lasing properties, which is valuable for situations where you 

need to excite hard to reach areas (Figure 2-10, inset shows pictures of the 

fluorescent film).  

This innovative phototherapy platform offers tunability in both intensity, 

through variation in excitation energy, but also emission wavelength, which can be 

adjusted by simply selecting a different fluorescent dye. Additionally, the emitted 
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light polarization can be controlled by varying the concentration of cellulose 

scatterers.  

   

Figure 2-10: (left) FWHM and peak fluorescence intensity as a function of the excitation 

energy for the film sample being excited by an internal optical fibre. (right) Cast with the 

insertion for the optical fibre and samples. 

 

 

2.5. Quartzite & silica nanoparticles 

Another material I extensively investigated during my master were quartzite 

nanoparticles (QtzNPs). These studies provided valuable insights into how 

nanoparticle morphology influences the efficiency of light scattering in random 

lasers. 

RLs with nonresonant feedback based on Rh6G with sub-micron scatterers 

are widely studied. The quantum efficiency of the Rh6G solution is influenced by 

dye concentration, whereas the emission efficiency of the RL is strongly dependent 

on the transport mean free path (TMFP) [19]. The TMFP is, in turn, determined by 

the size, composition, concentration, and morphology of the scatterers. Among 

these factors, the impact of scatterer morphology on lasing efficiency remains 

comparatively underexplored in literature. 

In the attempt to find a more cost-effective and highly efficient material for 

light scattering applications, I explored several natural silicon-based materials, both 

in natural form and ground, with the support of Dr. Edison Pecoraro (São Paulo 

State University), a long-time collaborator and expert in materials science who 

provided valuable insights throughout this work. Among tested materials, I did 
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experiments with jeans fibres, selenite, muscovite, ulexite, agate and white marble, 

all proving not sufficiently efficient for lasing or showing very low efficiency 

leading to a high excitation energy threshold.  

Quartzite, on the other hand, proved very effective, as will be discussed 

moving forward in this section. Comparisons were also done between this novel 

material and conventionally used amorphous silica nanoparticles (ASNPs), which 

are one of the most studied scatterers in literature, in order to determine its 

efficiency and the effect of morphology and the crystalline character in the laser 

emission. All experimental findings are also validated with finite element method 

(FEM) simulations. 

Results hereby reported are partially published in Elsevier’s Optical Materials 

(OM) journal, Volume 148, 114775 [2] and were presented in LAOP [99]. 

 

2.5.1. Materials & methods 

Although amorphous silica nanoparticles with spherical or undefined 

morphologies are commercially available or can be synthesized with relative ease, 

nano- or micro-sized crystalline SiO₂ particles (quartz) are significantly more 

expensive and challenging to obtain [33]. To address this, the present work utilizes 

crystalline particles derived from a natural and cost-effective mineral source: 

quartzite. Quartzite is a hard, non-foliated metamorphic rock formed from pure 

quartz sandstone [34]; a sedimentary rock primarily composed of sand-sized 

(0.0625–2.00 mm) quartz-silicate grains. Through exposure to extreme heat and 

pressure, typically associated with tectonic processes such as compression in 

orogenic belts, sandstone is transformed into quartzite. 

Quartzite consists of aggregates of micro- and nano-sized quartz particles 

with slab-like shapes, offering a higher refractive index (n = 1.54) compared to 

amorphous SiO₂ (n = 1.46) across the visible wavelength range. This makes 

quartzite a compelling choice for applications requiring crystalline SiO₂ particles.  

QtzNPs were obtained by grinding quartzite rocks  in a high-hardness agate 

mortar for several minutes, until minimal particle size is obtained. ASNPs were 

store bought (Column Chromatography silica gel QingdaoH > 99%) and undergone 

the same process. 
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Random laser samples were prepared using Rhodamine 6G (Sigma-Aldrich, 

95%) dissolved in ethanol (Sigma-Aldrich, >99.9%) and methanol (Sigma-Aldrich, 

99.7%). While these solvents enabled lasing, their low viscosity proved inadequate 

for maintaining a stable suspension of particles. Within a few minutes, particle 

precipitation was observed at the bottom of the container. 

To address this issue, ethylene glycol (EG) (Sigma-Aldrich, >99%) was 

selected as an alternative solvent. Although EG exhibits slightly lower quantum 

efficiency compared to ethanol, which affects the lasing threshold energy [22], due 

to its higher refractive index (1.43) relative to methanol and ethanol (1.36). 

Additionally, the increased viscosity of EG effectively prevents particle 

precipitation, enabling the formation of permanently stable suspensions. 

 

 

Figure 2-11: Photos of the samples with different scatterer concentration under UV 

illumination, showcasing change in the transmission. 

Quartz aggregate-based materials exhibit a higher refractive index compared 

to amorphous silica particles across all visible wavelengths [34]. It is well-

established that the refractive index contrast between the gain medium and the 

scatterers significantly influences the efficiency of RLs. The elevated refractive 

index of quartz nanoparticles (QtzNP) arises from their crystalline structure, which 

enhances surface reflectance for visible light. This characteristic further explains 

the superior performance of micro-sized scatterer agglomerates and particles. 

 

2.5.2. SEM characterization of quartzite and amorphous silica 

To confirm the average size and morphology of QtzNP and ASNP, random 

laser (RL) suspensions were deposited onto aluminum stubs, dried, and coated with 

a thin gold layer using a Q150T ES Quorum sputter coater. The imaging was 

performed using a TESCAN Clara (UHR-FEM) electron microscope, as shown in 

Fig. 10. Particle size analysis was conducted using ImageJ software (version 1.45s), 
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revealing sizes ranging from 50 nm to 500 nm, with an average size of 225 nm for 

QtzNP and 100 nm for ASNP. 

Additionally, energy-dispersive X-ray spectroscopy (EDS) microanalysis 

confirmed that both ASNP and QtzNP are composed of 72.39% oxygen and 27.61% 

silicon, with none of the common detectable impurities such as hematite, zirconia, 

or titania. 

 

 

Figure 2-12: Images obtained by SEM-FEG of (a–c) quartzite as agglomerates and 

nanocrystals and (d–f) amorphous silica nanoparticles. 

2.5.3. Random laser results & comparison 

Experimental conditions, setup and details used for the analysis of this 

material are the same as reported in section 2.4.4. 

The laser emission from the samples is evidenced by a notable spectral 

narrowing of approximately 30 nm under increasing excitation energy. 

Additionally, we can observe the exponential growth in fluorescence intensity as a 

function of excitation energy, culminating in a well-defined laser threshold. This 
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threshold marks the point at which optical gain from feedback within the fluorescent 

medium surpasses losses due to absorption. 

The most efficient QtzNP sample exhibited a full width at half maximum 

reduction of approximately 85%, decreasing from 44.2 nm to 6.9 nm, as the system 

transitioned from below to well above the threshold excitation energy. Similarly, 

the most efficient ASNP sample showed a FWHM reduction of approximately 77%, 

from 47.32 nm to 10.8 nm, under the same conditions, as can be seen in Figure 2-

13.  

 

 

Figure 2-13: FWHM of Rh6G emission as a function of the excitation energy for different 

QtzNP/ASNP concentrations in the suspension. 

Figure 2-14 presents the emission intensity as a logarithmic plot, enabling the 

analysis of the RL response for various  scatterer concentrations and the 

determination of the RL threshold for each suspension concentration. The optimal 

concentration for QtzNP was identified to be  0.5 mg/mL, with a corresponding 

threshold energy of 0.25 mJ. For ASNP, the optimal concentration was 1.0 mg/mL, 

with a threshold energy of 0.55 mJ. 
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Figure 2-14: Logarithmic RL intensity as a function of the excitation energy for various (a) 

QtzNP and (b) ASNP concentrations, used to determine the lasing threshold. 

Beyond these optimal concentrations, further increases in particle 

concentration resulted in a rise in the RL threshold, ultimately reducing  lasing 

efficiency. This behavior can be attributed to a decrease in the light scattering mean 

free path at higher concentrations. When the mean free path becomes too short, the 

interaction between scattered light and fluorescent dye molecules is insufficient 

before new scattering events occur, leading to insufficient optical gain to overcome 

absorption losses. 

a) 

b) 
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On the other hand, tests conducted with QtzNP concentrations below 0.5 

mg/mL showed reduced lasing intensity, or in some cases, no lasing even at very 

high excitation energies. At these lower concentrations, scattering events are too 

widely spaced to provide the necessary feedback for lasing. In such scenarios, 

absorption phenomena dominate over the optical feedback generated by light 

scattering, preventing efficient lasing. 

Figure 2-15 compares the emission results for the most efficient samples of 

QtzNP and ASNP, with scatterer concentrations of 0.5 mg/mL and 1.0 mg/mL, 

respectively. At the same excitation energy, well above the lasing threshold, it is 

evident that the QtzNP sample exhibits superior efficiency. This is demonstrated by 

a more pronounced increase in fluorescence intensity and a greater reduction in 

FWHM (Fig. 2-15 inset) compared to the ASNP sample. These results highlight the 

superior scattering and feedback properties of the QtzNP samples in comparison to 

the ASNP samples. 

 

   

Figure 2-15: Fluorescence intensity as a function of the wavelength, showing higher intensity 

emission for QtzNP; (inset) normalized emissions comparing reduction in the FHWM and 

redshift. 

 

To gain a deeper understanding of the emission spectra, the fluorescence peak 

wavelength was analyzed as a function of scatterer concentration. Figure 2-16 
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reveals the peak emission wavelength shifts to higher values as the concentration 

of scatterers increases. 

At lower QtzNP concentrations, the dye molecules are more isolated, 

resulting in an emission wavelength closer to that of pure Rh6G in EG. In this case, 

the spectrum is dominated by monomer fluorescence. However, as the QtzNP 

concentration increases, a consistent redshift in the peak emission wavelength is 

observed. This behavior is consistent with a well-documented phenomenon in 

Rh6G solutions at high dye concentrations [35], where dimerization of dye 

molecules causes a spectral shift into the region dominated by aggregate emission. 

We suggest that it could arise from two processes: first, an increase in the 

reabsorption of the fluorescence photons by the Rh6G molecules, due to the 

decrease in the TMFP associated with the increase in scatterers density; second, an 

increase in the occurrence to form dimmers on the surface of the scatterers. This 

assisted dimerization could be explained by the increase in the total SiO2 surface 

area (due to the increase of the NP concentration), on which Rh6G molecules could 

be trapped by intermolecular interactions with the SiO2 substrate, increasing the 

probability to interact by similar mechanism with others Rh6G molecules, resulting 

in the formation of dimmers. The shift in fluorescence peak wavelength also 

provides insight into the reduced efficiency of RL samples with higher QtzNP 

concentrations (Fig. 2-16). This reduction in efficiency could be attributed to 

dimerization processes, which alter the emission characteristics, or to the overlap 

between absorbance and emission spectra. Such overlaps diminish the reabsorption 

of emitted light for excitation energies below the lasing threshold. 
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Figure 2-16: P emission wavelength as a function of concentration of (a) QtzNP and (b) 

ASNP scatterers. 

The scattering mean free path (TMFP) for all samples was determined to be 

equivalent to the transport mean free path, given the isotropic nature of the RL 

emission. This isotropy was verified by measuring uniform output intensity in all 

directions, both below and above the lasing threshold. The TMFP was calculated as 

500 μm for the most efficient quartzite sample (0.5 mg/mL) and 57 μm for the most 

efficient ASNP sample (1.0 mg/mL), based on the average particle size. The 

a) 

b) 
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scattering cross section was determined using finite element methods and Mie 

theory, with detailed simulations and discussions provided in the next section. 

In the context of disordered media and multiple scattering, as already 

discussed in section 2.3, the lasing regime can be classified as diffusive, as it 

satisfies the condition λ < lt < L where λ is the wavelength of scattered light, lt is the 

TMFP, and L is the sample size. This classification is further supported by the 

absence of coherence features, such as narrow spectral peaks with FWHM < 1 nm, 

which are characteristic of Anderson localization. Anderson localization is 

associated with spatially localized modes and strong interference effects, occurring 

when lt < λ. 

Here I once again highly recommend taking a look at the comparative Table 

from our published work [2] or Appendix A.2, where we compare the efficacy of 

our scatterers with recently published work that uses similar materials, considering 

the composition, phase and morphology.  

  

2.5.4. Finite element method simulations & discussion 

To investigate the role of nanoparticle morphology in the observed scattering 

efficiency, we performed computational simulations of electromagnetic scattering 

for nanometer-scale objects. These simulations were conducted using the finite 

element method (FEM) in the COMSOL Multiphysics software [], utilizing the 

Electromagnetic Waves, Frequency Domain (ewfd) interface. 

Figure 2-17 illustrates the simulation results for nanoparticles with identical 

crystalline phases (chosen through refractive index) but differing morphologies—

spherical and prismatic—with a radius of 75 nm. Scattering from perfectly spherical 

particles of sizes comparable to the incident light's wavelength is well-documented 

in the literature and can be described by Lorentz-Mie and Rayleigh solutions, 

depending on particle size [7,36]. 
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Figure 2-17: (a–d) Normalized scattering patterns of the electric field for different NP 

morphologies. (e) scattering cross sections of both scatterer phases considering average 

nanoparticle size. 

To analyze the characteristics of the crystalline aggregates in the quartz 

nanoparticles (QtzNP), simulations were conducted using refractive indices and 

morphologies representative of sharp-edged, highly reflective nanocrystals (Fig. 2-

17b and 2-17c). Two geometries were modeled: spheres and prisms with 

a) b) 

c) d) 

e) 
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dimensions based on microscopy measurements, ensuring that the scattering cross-

section and aspect ratio corresponded to experimental observations. 

The results demonstrate a significant concentration of the electric field on the 

faces of the prism perpendicular to the incident field, particularly those aligned with 

the polarization. These high-field regions are crucial for amplifying the gain of the 

fluorescent dye, overcoming absorption losses and enhancing the scattering 

efficiency in the random laser. 

A uniform source field with a maximum amplitude of 10 V/m was used in all 

simulations. The prismatic morphology, characteristic of QtzNP, exhibited higher 

scattered field intensities and lower losses over longer distances compared to 

conventional spherical silica particles. This highlights the importance of sharp 

edges and reflective crystalline faces in increasing random laser efficiency. These 

features also explain the extended scattering mean free path observed 

experimentally, enabling lasing at lower scatterer concentrations. 

By integrating the scattered power over all boundaries relative to the incident 

power, we determined the scattering cross-sections for both scatterer phases (Fig. 

2-17d) . The molecular organization of QtzNP contributes to stronger electric and 

magnetic dipole and quadrupole interactions across all considered wavelengths, 

confirming the superior scattering properties and efficiency of quartzite compared 

to amorphous silica. 

The higher refractive index of quartzite compared to silica nanoparticles 

further enhances scattering efficiency [22]. While this factor was not simulated in 

our study, as the background material was modeled as air rather than the fluorescent 

dye, it is a known contributor to the observed phenomena. Moreover, the quartzite 

material not only scatters light (in smaller particles) but also reflects it effectively 

(in micro- and nano-sized aggregates from the grinding process). This increased 

reflectivity promotes light localization within the gain medium, further boosting 

random laser efficiency [37]. 
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3 Second harmonic generation & hyper Rayleigh 
scattering 

In this chapter, Hyper Rayleigh Scattering (HRS) technique will be explored 

as a  method for quantifying the efficiency and first hyperpolarizability of non-

centrosymmetric crystalline nano- and micromaterials. The materials we 

characterized here were synthesized by Prof. Lauro J. Q. Maia and his group 

(Federal University of Goiás, UFG), and the idea to develop this work occurred in 

a discussion we had at the B-MRS meeting at Maceió, Alagoas, in the end of 2023. 

Results shown here are planned to be published, as the manuscript is currently under 

production. 

 

3.1. Non-linear optical phenomena 

Nonlinear optics (NLO) emerge when the interaction between high intensity 

electromagnetic fields and matter results in a non-proportional response of the 

material [3]. Unlike linear optical phenomena, where properties such as refractive 

index and absorption coefficient remain constant, nonlinear processes emerge when 

the induced polarization in a material, its response to the electric field of light, 

becomes dependent on higher-order terms of the electric field, beyond the first-

order approximation. 

These nonlinear interactions give rise to fascinating effects such as harmonic 

generation [38], self-focusing [39], and nonlinear absorption [40], which have 

become essential tools in modern photonics. 

Though often unnoticed, nonlinear optical effects are present in our day-to-

day life. For example, colors seen in laser light shows often rely on second-

harmonic generation, where infrared light is converted to visible green light in a 

nonlinear crystal. Similarly, the ultra-short pulses of light used in LASIK (laser-

assisted in situ keratomileusis, [41]) eye surgery are made possible by nonlinear 

processes such as self-phase modulation and chirped pulse amplification. Nonlinear 

optics also plays a key role in the creation of supercontinuum light sources, which 
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produce rainbows of colors from a single laser beam and are widely used in fiber 

optic communications, biomedical imaging, and spectroscopy. 

These effects are possible because, under high-intensity illumination, the 

induced polarization of a material—its response to the electric field of light—

contains terms beyond the first-order approximation [3]. 

Among many nonlinear optical processes, second-order effects hold a unique 

position due to their relevance in applications ranging from frequency doubling to 

the characterization of material symmetries. There are different techniques to 

characterize SHG, among them in this work it is described the Hyper-Rayleigh 

scattering (HRS) technique. 

HRS is a second-order nonlinear optical process, which  has become an 

important technique for probing the first  hyperpolarizability (β) of molecules and 

nanostructures [42]. Unlike conventional second-harmonic generation, which 

requires phase-matching conditions, HRS occurs in disordered media and isotropic 

solutions, allowing for the direct assessment of molecular nonlinearities in complex 

environments. 

The quest for highly efficient materials capable of second-harmonic 

generation lies at the heart of advancements in nonlinear optics. SHG, a parametric 

second-order nonlinear optical process, involves the conversion of two photons 

with the same frequency () into a single photon with twice the frequency (2). 

The search for high SHG efficiency requires materials with specific 

properties: a non-centrosymmetric crystal structure, strong nonlinear optical 

coefficients, and good transparency in both the fundamental and harmonic 

wavelength ranges. Researchers have been exploring materials for that purpose for 

a few decades now, from traditional inorganic crystals like lithium niobate and 

potassium titanyl phosphate, to novel organic compounds and emerging 2D 

materials, which are also central in the following chapter of this dissertation. 

The drive for innovation in SHG materials is motivated not only by the need 

for better performance but also by the demand for more accessible, cost-effective, 

and environmentally friendly alternatives, which are currently the main purposes of 

our study in that field. 

In the next sections, I provide a concise overview of the fundamental physics 

governing nonlinear optical phenomena, followed by an explanation of the HRS 

technique and the corresponding experimental results.  
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3.2. Nonlinear Polarization and (Centro)Symmetry 

Even-order nonlinear optical phenomena, the focus of this chapter, are absent 

in centrosymmetric materials due to symmetry restrictions in their structural 

properties. There are several approaches to account for this effect, and we need to 

look deeper into the nature of the nonlinear polarization response of a material. 

The induced polarization P of a material induced by an external electric field 

E can be expressed as a power series: 

 

𝑃 =  𝜀0( χ(1)𝐸 +   χ(2)𝐸2 +   χ(3)𝐸3 + ⋯ ) 

 

In the above equation, χ(1) is the first order susceptibility, responsible for 

linear optical phenomena, such as refraction. χ(2), the second order nonlinear 

susceptibility, is responsible for phenomena like SHG (Figure 3-1) and sum-

frequency generation. χ(3) accounts for third harmonic generation, self-focusing, 

and so on.  

 

 

Figure 3-1: Second harmonic generation scheme. 

A centrosymmetric material is one that possesses an inversion center, 

meaning that if you reverse the coordinates of a point (x, y, z → -x, -y, -z), the 

structure remains identical. Under inversion symmetry, the electric field response 

E = - E, and because the induced polarization P must also remain consistent under 

symmetry, the second order nonlinear term χ(2)E2 would violate this symmetry, 

appearing unchanged under inversion. As a result, the second order term must be 

macroscopically zero in centrosymmetric materials to satisfy the inversion 

symmetry.  
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Another approach is to consider a symmetric potential and solve the Lorentz 

force equation. Due to anharmonic effects, the solution must be obtained using 

standard Rayleigh-Schrödinger perturbation theory. In this framework, it can be 

shown that, once again, the second-order susceptibility χ(2) responsible for second 

harmonic generation, is zero in centrosymmetric materials. 

For an in-depth understanding of the subject, I highly recommend Robert W. 

Boyd's Nonlinear Optics book [3], Scully's Quantum Optics book [43] and the 

review-tutorial presented in [44,45], which contains all steps presented here and 

measurement details. 

 

3.3. Measuring second-harmonic generation  

Second order nonlinear optical phenomena are related to the physical property 

of the material called second order susceptibility (χ(2)), which is dependent on 

electric field squared. The microscopical analogous of χ(2) is β, the first 

hyperpolarizability, often called second order microscopic susceptibility. χ(2) may 

be written as a function of β related to the density of the medium (N) and local field 

corrections in the fundamental frequency (excitation frequency, f(ω)) and the 

second harmonic frequency (f(2ω)): 

 

 χ𝑖𝑗𝑘
2 = 𝑓2(ω) 𝑓2(2ω) 𝑁 β𝑖𝑗𝑘  

 

Several techniques have been developed to quantify optical second-order 

nonlinearity. Examples include second-harmonic generation (SHG) in Langmuir-

Blodgett thin films, the Kurtz powder method, electric field-induced SHG (EFISH), 

hyper-Rayleigh scattering (HRS), and solvatochromism. In this chapter, we focus 

specifically on HRS to evaluate the nonlinearity of crystalline materials.  

 

3.4. Hyper-Rayleigh scattering 

The Hyper-Rayleigh scattering technique is used to measure the nonlinear 

optical coefficients of a material under electric field excitation. The intensity 

emitted from a sample upon illumination from a high intensity electric field, which 

may be a solution or, in our case, suspension of nano- and microcrystals, is the sum 
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of the SH generated signals from a number of i different sources excited by an 

incident field of intensity Iω: 

 

𝐼𝐻𝑅𝑆 = 𝐺 ∑(𝑁𝑖𝐹𝑖 < β𝑖
2 >)𝐼𝑤

2

𝑖

 

 

where G is an experimental proportionality constant, Ni is the concentration 

of the excited material, Fi is a local field factor that depends on the surrounding 

refractive index and  < 𝛽𝑖
2 > = < 𝛽𝑧𝑧𝑧,𝑖

2 >  is the value of hyperpolarizability [45]. 

From the equation above, it is evident that the response depends quadratically 

on the incident intensity and increases linearly with concentration. The quantitative 

measurement of the hyperpolarizability  𝛽 of a sample using the external reference 

method (ERM) relies entirely on this behavior, as we compare our material to 

another that properties well established in literature. 

By varying the material concentration (Ni) and measuring the corresponding 

HRS intensity (IHRS) it is possible to obtain the slope α of the IHRS (Ni) curve defined 

as α = 𝐺𝐹 < β2 > 𝐼ω
2 . The value of the desired hyperpolarizability 𝛽 is then 

derived by comparison with the experimental slope measured from a reference 

solution made of para-nitroaniline (p-NA), a material with a well-known 

hyperpolarizability. This technique assumes that the parameter G, that depends on 

the experimental setup, remains unchanged. 

In addition to the molecular hyperpolarizability, when the sample consists of 

a colloidal suspension of nanocrystals in a solvent, the difference in refractive 

indices between the solvent (denoted by subscript s) and the nanomaterial (denoted 

by subscript nc) must be considered. To account for this, an internal field factor T 

is introduced into the equation: 

 

𝐼𝐻𝑅𝑆 = 𝐺(𝑁𝑠𝐹𝑠 < β𝑠
2 > +𝑁𝑛𝑐𝑇𝑛𝑐 < β𝑛𝑐

2 >) 𝐼𝜔
2  

 

And using the ERM it is possible to determine the molecular 

hyperpolarizability [45]. 
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3.5. Materials & methods 

The crystals investigated here were synthesized as detailed in reference [46], 

by our collaborators. The original material, referred to as B1 in the source article, 

underwent degradation over time, resulting in the formation of ammonium 

dihydrogen phosphate (ADP, [47]). This transformed material, with an 

uncharacterized crystal size in the literature, demonstrates both stability and the 

expected high efficiency for second-harmonic generation (SHG). Below is a 

summary of the synthesis process, along with the hypotheses developed by our 

colleagues Prof. Felipe T. Martins and Dr. Meiry E. Alvarenga (Federal University 

of Goiás) regarding the observed changes on the material structure over a long 

period of time. 

The crystals were synthesized using 2-aminopyrazine as the cation, with 

protonation occurring at the N1 position and dihydrogen as the anion. The nonlinear 

optical response arises from the dipole interaction between aminopyrazine and 

phosphoric acid, forming a structure similar to the well-known potassium 

dihydrogen phosphate (KDP) crystal. This interaction allowed for the observation 

of SHG in powders composed of microcrystals of the material. The compounds 2-

aminopyrimidine, 2-amino-5-chloropyrazine, 2-amino-6-chloropyrazine, 

pyrazinamide, and 2-hydroxypyrazine were purchased from Sigma-Aldrich® and 

dissolved at room temperature in a mixture of water (2.5 mL), ethanol (2.5 mL), 

and inorganic acid (HCl, HBr, or H₂SO₄) while stirring until complete dissolution. 

The solutions were then left to undergo slow evaporation at room temperature 

(25°C) for crystallization. After approximately two weeks, colorless crystals of 

various forms were collected at the bottom of the glass crystallizer. 

The material was initially provided as a white powder composed of nano- and 

microcrystals. Over time, dispersive X-ray measurements revealed that it had 

transformed into ammonium dihydrogen phosphate (ADP), a well-known crystal 

recognized for its strong nonlinear optical response and efficiency in second-

harmonic generation (SHG). 

The hypothesis proposed suggested that the transformation process begins 

with the degradation of amino pyrazine from the original sample through oxidative 

mechanisms. This degradation may involve treatments with strong oxidants, such 

as peroxides or ozone, which target the bonds between nitrogen and carbon atoms 
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in the pyrazine ring, leading to ring cleavage. During this process, the amine groups 

(-NH₂) present in the amino pyrazine structure could be converted into ammonia 

(NH₃), a well-documented outcome in the degradation of nitrogen-containing 

compounds under oxidative or alkaline conditions. Concurrently, a source of 

phosphate ions, such as phosphoric acid (H₃PO₄) or another phosphate salt, would 

be required in the system. The released ammonia could then react with the 

phosphate ions, forming ammonium dihydrogen phosphate (NH₄H₂PO₄). This 

reaction between ammonia and phosphoric acid provides a plausible pathway for 

the formation of ammonium dihydrogen phosphate. 

The transformation of the original crystal into ammonium dihydrogen 

phosphate (ADP) over time highlights the remarkable stability of the material. 

Furthermore, this process not only suggests the potential discovery of a novel 

synthesis route for producing ADP but also reveals a crystal size distribution that 

has yet to be documented in the literature. 

 

 

3.5.1. SEM characterization of the Nano- and Microcrystals 

To confirm the average size and morphology of the crystals, HRS suspensions 

were deposited onto aluminum stubs, dried, and coated with a thin gold layer using 

a sputter coater (Q150T ES Quorum, 40A, 60s). The resulting images, shown in, 

were captured using a TESCAN Clara (UHR-FEM) electron microscope. Particle 

size analysis was conducted using ImageJ software (version 1.45s), revealing sizes 

ranging from hundreds of nanometers to half a millimeter, with an average particle 

size of 15.94 micrometers. 

The slow evaporation crystallization method employed for the sample 

preparation limits the control over crystal growth in the aqueous solution, leading 

to a wide variety of crystal sizes and distributions. highlights that some crystals are 

aggregates of smaller crystallites whose growth was interrupted during the process. 

The images also reveal significant dispersion in average particle sizes across 

different clusters, as confirmed by the accompanying histograms. 

Energy-dispersive X-ray spectroscopy (EDS) microanalysis confirmed that 

the crystalline samples primarily consist of carbon, oxygen, nitrogen, and 

phosphorus, consistent with the expected composition.  
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Figure 3-2: UHR-FEM images of the crystal with selected clusters and histograms displaying 

the average sizes present in different regions of the sample 

 

3.6. Hyper-Rayleigh scattering experimental details 

The HRS measurement procedure, as previously described, involves varying 

the concentration of p-nitroaniline (p-NA, used as a reference solution in methanol) 

and the target material in suspension under excitation. The Second-Harmonic (SH) 

signal emitted is recorded to determine the slope, denoted as α. 

Once the linear fits for the experimental coefficients αpNA and αnc are 

obtained, the effective hyperpolarizability, βnc, can be determined using the 

following equation: 

β𝑛𝑐 = √
α𝑛𝑐𝐹𝑝𝑁𝐴

α𝑝𝑁𝐴𝑇𝑛𝑐
< β𝑝𝑁𝐴 > 

 

where the Lorentz-Lorentz field factor is 

 

𝐹𝑝𝑁𝐴 = (
𝑛𝑚𝑒𝑡ℎ

2 + 2

3
)

6

 

 

and the internal field factor can be determined as 
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𝑇𝑛𝑐 = (
3𝑛𝑠

2

2𝑛𝑠
2 + 𝑛𝑛𝑐

2
) 

 

considering no index dispersion n(ω) ~ n(2ω). The reference value for p-NA 

hyperpolarizability in methanol is βp-NA = 25.9 x 10-30 esu [48-50]. 

The experimental setup (Figure 3-3) utilizes a frequency-doubled Q-Switched 

Nd:YAG laser (Quantel Ultra, 6 ns pulse width, operating at 20 Hz) at 1064 nm 

wavelength. To eliminate unwanted 532 nm radiation from the excitation source, a 

combination of a dichroic mirror (R 532 nm, T 1064 nm) and an infrared-absorbing 

filter are employed. The laser beam is then focused through a 200 mm focal length 

lens into a quartz glass cuvette containing the suspension. The scattered SH signal 

is collected perpendicular to the excitation beam and directed into a photomultiplier 

tube (PMT, Hamamatsu E717-21) operating at 1.2 kV, equipped with a colour 

bandpass filter (Thorlabs BG37) to isolate frequency-doubled radiation. Figure 3-3  

below illustrates the experimental setup, detailing each component. The grey box 

indicates components that are isolated inside of a black box to prevent noise and 

unwanted radiation from reaching the PMT). 

 

 

Figure 3-3: Experimental Setup for the HRS experiment. On the left details of each 

component. 

As part of the material characterization, the photon bandgap energy and 

diffuse reflectance spectroscopy were also measured by our collaborators at UFG. 

Diffuse reflectance data were recorded using a PerkinElmer Lambda WB1050 

spectrometer, with barium sulphate powder serving as the reference material.  
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3.7. Results & Discussion 

Measurements were conducted using the setup described in the experimental 

section. Crystalline ADP powder (NH4H2PO4) was evenly spread on a microscope 

slide, excited with the laser source, and the second-harmonic generation (SHG) 

emission was observed for both transmitted and reflected light. 

Figure 3-4 depicts the intensity profiles as a function of pulse duration for 

both the excitation light (black curve, QS+ML Nd:YAG pulse) and the SHG signal 

(red curve). As expected, the SHG light generated from the sample exhibits a 

narrower pulse width, with the ratio of the FWHM of the two signals corresponding 

to ½ (Δt532 = 0.147 ns, Δt1064 = 0.192 ns).  

Additionally, Figure 3-5 confirms the quadratic dependence of the generated 

SHG signal on the input intensity and the emitted intensity variation under rotating 

polarization for the excitation light. This behavior is demonstrated by the 

logarithmic plot, where the slope αlog(2ω)/αlog(ω) is approximately 1.96, consistent 

with the expected value of 2 for the second-order effects. 

 

 

Figure 3-4: Intensity as a function of pulse time for both excitation and SHG signal.  
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Figure 3-5: (a) Logarithmic plot of the input intensity as a function of the output, highlighting 

the expected quadractic behaviour and (b) excitation light polarization dependence. 

 

Figures 3-6 illustrate the expected linear dependence of the HRS intensity on 

the concentration of nanocrystals and p-NA, respectively. This linear relationship 

confirms that the signal detected by the PMT at 532 nm arises from the Hyper-

Rayleigh Scattering of individual nanocrystals in suspension, with negligible 

aggregation observed across all concentration values. 

The slopes, αNC and αp-NA, obtained by linear fitting of the HRS intensity 

versus concentration for the nanocrystals and the reference material, respectively, 

were substituted into Equation (6), incorporating the Lorentz and internal field 

factors [48]. From this analysis, the effective hyperpolarizability of the nanocrystals 

was determined to be ⟨βnc⟩ = 3.38 × 10−22 esu per nanocrystal 

 

 

Figure 3-6: HRS intensity as a function of concentration for (a) ADP microcrystals and (b) 

paranitroaniline in methanol. The red line in each plot corresponds to the linear fit and the 

inset text shows the slope for each sample. 

a) b) 

a) b) 
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Absorption data from the nanocrystals in suspension were analyzed to 

determine their optical band gap using the Tauc relation [51,52] 

 

𝐹(𝑅) = [𝐴(ℎ𝑣 − 𝐸𝑔)
𝑚

]

ℎ𝑣
 

 

where A is a proportionality constant, ℎ𝑣 is the photon energy, 𝐸𝑔 is the 

optical band gap and m = ½ or m = 2 for indirect or direct transitions, respectively, 

and last 𝐹(𝑅) is the Kubelka-Munk function. The optical band gap, 𝐸𝑔  =  3.85 𝑒𝑉, 

was then calculated by extrapolating the linear portion of the [𝐹(𝑅)ℎ𝑣]2versus ℎ𝑣 

plot to zero, as can be seen in figure 3-7 below together with information for SiO2 

which is used as a reference. 

 

 

 

Figure 3-7: (a) Photon band gap determination through Kubelka-Munk method for our sample 

(red) and SiO2 nanoparticles (blue) as a reference. 

To facilitate comparison with previously studied and commercial materials, 

the hyperpolarizability of our crystals is presented alongside published results in 

Table 1. Notably, the unit cells of our crystals have larger average volumes than 

those reported in most prior studies, which correlates with enhanced efficiency. 
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Table 3: Comparison between ADP produced in our work and previously studies. 

 

Material < βcrystal > (esu) Diameter 

ADP 3.38 × 10⁻²² 15.94 µm 

NaNbO₃ 6.30 × 10⁻²⁴ 109 nm 

LiNbO₃ 1.63 × 10⁻²³ 125 nm 

KNbO₃ 1.218 × 10⁻²³ 128 nm 

KTP 3.35 × 10⁻²³ 237 nm 

BaTiO₃ 15.16 × 10⁻²⁴ 91 nm 
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4 Electric field influence on the stability of 2D materials 

In this chapter we investigate the influence of the electric field on the stability 

of Layered Transition Metal Dichalcogenides (LTMDs) [53,54] produced through 

redox exfoliation [55,56] by our collaborators Dr Richard Vaia (Air Force Research 

Laboratory, AFRL) and Dr Nikolaos Chalmpes (Cornell University). The original 

intent of this work was to investigate the LTMDs material response to an external 

field for  potential applications in nanodevices such as in LIDAR (light detection 

and ranging) technology.  It is well known that 2D materials offer very fast response 

to external stimuli such as electric fields, and we were counting on fast refractive 

index response for beam steering applications.  In the presence of an applied 

voltage, the material underwent degradation, a novel and unexpected outcome that 

motivated us to investigate in depth. Work reported here is published in the Journal 

of Physical Chemistry C, 129, 5, 2582–2589 [97]. 

 

4.1. 2D transition metal dichalcogenides 

Two-dimensional transition metal dichalcogenides (TMDs or TMDCs) are a 

remarkable class of materials of the form MX2, with M being a transition-metal 

atom (Mo, W, Nb, etc.) between two X chalcogen (S, Se or Te) layers [54]. Those 

materials offer unique properties that make them ideal for studying novel physical 

phenomena and developing advanced technologies, with applications spanning 

from nanoelectronics and nanophotonics to nanoscale sensing and actuation, driven 

by their tunable electronic, optical, and mechanical characteristics. In recent years, 

interest in TMDs has surged, fueled by milestones such as the development of the 

first transistor and the discovery of strong photoluminescence in monolayer MoS₂. 

TMDs history dates back to 1923, when Linus Pauling first determined their 

structure [57]. By the late 1960s, over 60 TMD compounds were identified, with 

around 40 of them exhibiting layered structures [58]. Early advancements included 

the production of ultrathin MoS₂ layers in the 1960s by Robert Frindt [59] and the 

first monolayer MoS₂ suspensions in 1986 [60]. Parallel efforts, inspired by the rise 
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of carbon nanotubes and fullerenes in the 1990s [61], led to the synthesis of WS₂ 

and MoS₂ nanotubes and nanoparticles. 

The resurgence of interest in TMDs was further accelerated by the intense 

growth of 2D and graphene-related research in 2004, which refined techniques for 

working with layered materials [62]. This progress enabled new studies on TMDs 

and their ultrathin films, revealing extraordinary properties that differ significantly 

from their bulk counterparts. 

What sets TMDs apart from other layered nanomaterials is their versatility. 

Depending on the combination of transition metal and chalcogen atoms, these 

materials exhibit a wide range of electronic properties, from metallic (e.g., TaS₂) to 

semiconducting (e.g., MoS₂ and WS₂) to superconducting (e.g., NbSe₂) [54]. 

Additionally, their reduced dimensionality amplifies quantum confinement effects 

and spin-orbit coupling, enabling phenomena such as valley polarization and the 

spin-valley Hall effect, which are absent in bulk materials.  

In this chapter, the primary focus will be on molybdenum disulfide (MoS₂), 

as of now the most extensively studied transition metal dichalcogenides due to its 

optical and electronic properties [63]. While other TMDs were also explored during 

the course of this research, including their responses to varying external fields, 

MoS₂ stood out as a model system for detailed analysis. Furthermore, the study 

includes an investigation into the electric field-induced degradation of these 

materials, which is critical for understanding their stability and reliability in 

practical emerging applications such as electronic and electro-optical components. 

The findings on MoS₂ provide a foundation for broader insights into the behavior 

of TMDs. This chapter thus integrates a focused examination of MoS₂ with a 

broader perspective on TMD degradation under the presence of external electric 

fields. 

 

4.2. TMDs material synthesis 

As already mentioned, the material was provided by our collaborators from 

the Air Force Research Laboratory, who developed the manufacturing process of 

redox exfoliation. Compared to other chemical methods, this approach is more 

energy-efficient, operates under straightforward environmental conditions, 
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employs eco-friendly solvents, and produces samples with a tunable defect density 

in large scale. 

Two widely used techniques for producing 2D materials are the bottom-up 

approach, which involves growing thin crystals with one or a few layers, and the 

top-down approach, which includes methods such as redox exfoliation. The latter 

was employed in this study to separate bulk MoS₂ crystals into individual layers. 

The methodology used to prepare the samples examined here has been 

comprehensively detailed in earlier work by Jawaid et al. [55,56]. 

In this process, bulk MoS₂ powders were treated with a mild oxidant, cumene 

hydroperoxide, to generate solution-soluble molecular metal oxide precursors 

(MOPs) that established a solution-surface equilibrium with the MoS₂. Adding a 

reductant initiated the condensation and assembly of MOPs into highly charged 

polyoxometalates (POMs). These POMs strongly adsorbed onto the MoS₂ surfaces, 

creating significant Coulombic repulsion that facilitated the delamination of the 

material [64]. This delamination exposed fresh surfaces, allowing further 

adsorption, assembly, and exfoliation events to occur repeatedly until the MOP 

precursors and active POMs were exhausted. In this study, polyoxometalates 

(POMs) served as capping agents, facilitating the high-yield exfoliation of 

monolayer TMDs while effectively maintaining the separation of flakes through 

Coulombic repulsion.  

For the suspensions, acetonitrile (ACN) was chosen as the reaction medium 

for its stability in redox environments, its capacity for anhydrous preparation, and 

its excellent solvating properties for MOPs, POMs, and the delaminated layered 

transition metal dichalcogenides generated throughout the exfoliation process. This 

method resulted in the successful preparation of MoS₂ suspensions that are 

composed of mono- and few layer MoS2 separated by POMs suitable for further 

characterization and analysis.  

All work hereby reported focuses on Group VI LTMD suspensions. When 

these semiconductors are reduced to monolayer thickness, their band structure 

transitions from an indirect to a direct bandgap. This change is accompanied by the 

emergence of distinct exciton peaks in the optical absorption spectra, which serve 

as a key identifier for the monolayer state. Notably, agglomeration of the sample 

disrupts its monolayer character, resulting in the suppression of these excitonic 
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absorption peaks. This behavior provides a straightforward method for optical 

identification of monolayer MoS2 in the prepared suspensions. 

 

4.3. Material characterization 

4.3.1. Optical absorption with external electric field 

The absorption properties of LTMDs were analyzed using a white light source 

(ThorLabs SLS201L) and a spectrometer (Ocean Optics USB4000). The samples 

were contained in a in-house built 1 mm path cuvette, which featured an outer 

conductive parallel faces made from soda-lime glass slides coated with Indium Tin 

Oxide (ITO), which are soldered to a high voltage wire (At/001-13, ins. Pead Ø 

3,40mm ± 0,03 with PVC external coating). After a few tests, I designed a 3D 

printed case in which we can position the glass slides in order to guarantee the faces 

were parallel and enhanced reproducibility. Here I need to acknowledge my ex-

colleagues Dr. Leonardo F. Araujo and Dr. Gabriela A. Prando who helped me 

develop the custom-built cuvette and worked hard on it with me for a long time. 

This design enabled the application of an external voltage ranging from 0 to 

15 kV at a frequency of 60 Hz to the sample within the cuvette. The applied voltage 

was continuously monitored using a multimeter (Minipa ET2042E) connected 

through a high-voltage probe (Fluke 80K-40) in parallel with the cuvette. To 

prevent electrical breakdown, the entire cuvette was immersed in transformer oil 

(G Hyvolt II N Naphthenic Oil). The experimental setup used for these 

measurements is illustrated in Figure 4-1 below.  

 

 

Figure 4-1: Experimental setup scheme with the homebuilt cuvette. 
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Finite element method two-dimensional simulations were performed to 

estimate the effective electric field applied to the ACN-MoS₂ suspension within the 

cuvette (Figure 4-2). The simulations were carried out using the electrostatics 

interface in COMSOL Multiphysics (es.), which solves Gauss's law by employing 

the scalar electric potential as the dependent variable. For an applied potential of 2 

kV, the calculated electric field strength was 0.185 V/μm. The significant reduction 

(>10x) of the applied field strength in the presence of the ACN-MoS₂ sample is 

attributed to the high relative dielectric constant of the ACN solvent, which is 35.09. 

Figure 4-3 shows the expected linear dependence between the electric field and the 

voltage applied to the cuvette’s electrodes and the dimensions used for the 

simulation, which are identical to the experimental setup where the cuvette has an 

optical path of 1.1mm 

 

 

Figure 4-2: (a) Electric potential (kV) applied to the cuvette outer walls and field lines; (b) electric field 

norm (V/µm). 

 

a) b) 
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Figure 4-3: (a) Linear dependence between the electric field and the voltage applied and (b) 

diumensions of the cuvette. 

 

4.3.2. Characterization techniques 

Besides real time measurements with external electric field application, the 

optical absorption of the LTMD samples was measured both before and after the 

application of voltage using a PerkinElmer LAMBDA 950 UV/Vis/NIR 

spectrophotometer. This instrument covers an extensive wavelength range of 175–

3500 nm with a resolution of 0.2 nm for the range under consideration. Reference-

based measurements were conducted using synthetic Hellma Analytics high-

performance quartz glass cuvettes with optical paths of 1 mm. These cuvettes 

provide >75% transmittance for wavelengths above 180 nm, with transmission 

peaking at 90% in the 190–3500 nm range. 

Raman spectroscopy was performed on a dry drop-cast sample prepared on a 

microscope slide substrate, both before and after voltage application. Data 

acquisition was carried out using an XploRA PLUS Horiba Jobin-Yvon micro-

Raman spectrometer, equipped with a 532 nm laser for excitation. The 

measurements were taken with a 2400-grade grating, a 100× objective lens, a 200 

µm slit, and a laser intensity of 1.25 mW. 

Cyclic voltammetry measurements were performed using a Multi Auto-

Lab/M101 potentiostat/galvanostat, controlled via NOVA 2.0 software. A three-

a) 

b) 
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electrode cell configuration was employed, consisting of graphite as the working 

electrode, platinum as the counter electrode, and Ag/AgCl (KCl saturated) as the 

reference electrode. All measurements were conducted in an acetonitrile solution 

containing tetrabutylammonium chloride (0.1 mol/L) as the electrolyte. The cyclic 

voltammetry scans covered a potential range of 0.6 to -0.6 V, in both cathodic and 

anodic directions, with scan rates varying from 20 to 150 mV/s. 

 

4.4. Results & Discussion 

 

The absorption spectra of an acetonitrile suspension containing layered MoS₂ 

(ACN-MoS₂) are presented in Fig. 4-4. The sample demonstrated stability over 

several months, with no observable changes in its absorption spectra, suggesting 

the absence of precipitation or destabilization of the POM species prior to voltage 

application. As shown in Fig. 4-4b, the absorption spectrum exhibits peaks 

corresponding to excitons A and B at 680 nm and 620 nm, respectively, indicating 

a significant concentration of monolayer (ML) sheets [65] in suspension. The 

absorbance in the lower spectral region is attributed to the POM species, which can 

be identified as a mixed-valence system of Mo⁴⁺ and Mo⁵⁺ [66] 

The stability of the material is ensured by the anionic POMs generated during 

the liquid exfoliation process. These POMs adsorb onto the TMD surface and create 

a separation layer through Coulombic repulsion due to their capacity to 

accommodate significant charge. Transition metals, including molybdenum, are 

known to form anionic POMs that exhibit strong absorption in the UV region [55]. 

As shown in the UV-Vis spectra of the ACN-MoS₂ suspension in Fig. 4-4a, the 

absorption bands below 250 nm are characteristic of anionic Mo-POMs. 

Additionally, the absorption associated with the bandgap of MoS₂ is observed above 

500 nm, while the distinct A and B exciton peaks appear in the 600–700 nm range. 
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Figure 4-4: Absorption spectra of ACN-MoS2 sample in the (a) UV and (b) visible region of the spectra. 

 

The absorption spectrum of the LTMDs received is exactly the same as 

previously published work from our colleagues, which further demonstrates the 

stability of the sample. To study the stability of the material under increasing 

electric fields, the cuvette with conductive external faces was used, as described in 

the previous section. 

The normalized absorption spectra of ACN-MoS₂ suspensions were measured 

after applying an electric field of 0.185 V/µm (Fig. 4-5) for 20 minutes. The spectra 

were recorded both immediately following field application and after several hours 

of incubation, with no significant differences observed. A notable increase in an 

absorption peak at 199 nm was detected in all field-exposed samples, along with a 

reduction of the lower UV peak (Fig. 4-5a). Prolonged exposure to the electric field 

further reduced absorption at 190 nm while enhancing the peak at 199 nm, a redshift 

behavior consistent with thermal degradation patterns reported for Mo-based 

materials [66]. This was accompanied by the bleaching of a peak at 235 nm, the 

emergence of a new absorption peak at 225 nm, and a pronounced decrease in 

exciton peaks at approximately 620 and 675 nm in the visible spectrum (Fig. 4-5b). 

The disappearance of exciton peaks is attributed to the agglomeration of the 

2D material at the bottom of the cuvette. As the MoS₂ clumps settled out of the 

optical path, they caused a sharp decline in measurable absorbance. This hypothesis 

is supported by the visual transformation of the sample: initially a uniform light 

brown suspension, it became a much clearer liquid with visible clumps of TMDs, 

as shown in Fig. 4-4d. This change significantly affected light transmission, as the 

incident light passed through the clearer solvent with minimal interaction with the 

agglomerated TMDs. 



66 

 

 

  

  

Figure 4-5: Absorption spectra of ACN-MoS2 sample before and after EField application in 

the (a,c) UV and (b) visible region of the spectra; the inset in (c) presents Raman spectroscopy 

results of the black spots for both samples; (d) photograph of the suspension showing 

aggregation of the monolayers. 

The working hypothesis is that the changes in the UV portion of the spectrum 

are linked to alterations in the oxidation state of the POMs, triggered by a redox 

process under the applied field. This redox activity compromised the stability of the 

suspension, leading to the agglomeration of MoS₂ into dense, dark clumps. To 

confirm that these clumps were composed of MoS₂, Raman spectroscopy was 

performed (inset Fig. 4-5c inset) on the agglomerates and compared to a dried drop 

of the uniform suspension prior to field application. Both samples exhibited the 

characteristic MoS₂ phonon modes at ~380 cm⁻¹ and ~410 cm⁻¹, corroborating the 

identity of the clumps as agglomerated MoS₂ [67]. Figure 4-6 below shows the 

optical microscopy images of the samples before and after applied field, further 

confirming the agglomeration of the MoS2 sheets. 

 

b) 

c) 

d) 

a) 
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Figure 4-6: optical microscopy images of the suspension showing aggregation of the monolayers after 

destabilization of the POM due to Efield application. 

 

The application of high voltage to the ITO-coated outer walls of the cuvette 

charges the capacitor formed by the electrodes, thereby also charging the inner 

walls. It is plausible that the surface charge in contact with the POM layer alters its 

charge state via oxidation/reduction of the Mo cations. This interaction impacts the 

UV absorption peaks and diminishes the POM's ability to stabilize the TMD layers 

through Coulombic repulsion, leading to agglomeration. 

The destabilization of ACN-MoS₂ suspensions under the applied field was 

observed using the cuvette setup already described. Additionally, destabilization 

occurred even in the absence of an applied field with other lower stability 

suspensions when deposited on untreated borosilicate microscope slides. Upon 

depositing a few drops of the suspension onto pristine borosilicate glass, the 

hydrophilic nature of the glass caused the drops to spread due to a small contact 

angle (~20°). Within seconds, the suspension broke into clumps with a black, 

wrinkled texture, as shown in Fig. 4-5a. UV absorption measurements of this 

sample revealed significant depletion of the lowest UV peak and the emergence of 

a peak around 200 nm (Fig. 4-5b), consistent with previous observations for 

samples exposed to strong electric fields (Fig. 4-5a-c). However, the smaller peaks 

exhibited a behavior distinct from that observed under field exposure, suggesting 

an effect not yet fully understood. 

It was hypothesized that surface charges on the borosilicate glass could 

induce oxidation-state changes in the POMs, similar to those caused by an applied 

electric field. After investigation and multiple tries to mitigate this effect, the glass 

slides were treated to render their surfaces highly hydrophobic by spray-coating 

them with tetrafluoropropane (TFP, Zeiss Anti-Fog). This treatment increased the 

contact angle, preventing the suspension from spreading and preserving its stability 
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over time, as shown in Fig. 5a-d. Unlike untreated glass, samples on TFP-treated 

surfaces showed no noticeable transformation over time and evaporated without 

agglomeration. UV absorption spectra of samples on hydrophobic glass surfaces 

revealed no depletion of the 189 nm absorption peak or increase at 199 nm, 

suggesting that when surface charges are neutralized or minimized, the POM 

valence state remains unchanged. 

To further test this hypothesis, higher stability samples of ACN-MoS₂ 

suspensions were placed in two cuvettes with TFP-treated internal surfaces and 

subjected to the same experimental conditions, including an external field of up to 

6 MV/m. In these cases, no material degradation or agglomeration was observed, 

mirroring the behavior of the treated glass slides (Fig. 4.5). While these 

experimental results are not conclusive, they suggest that TFP molecules on the 

treated glass surface prevent MoS₂ adsorption, likely due to their hydrophobic 

nature. This may reduce electron transfer rates, preserving the POM's stability and 

prevent degradation, even under high applied fields. 

 

 

 

Figure 4-7: (a) Pristine glass slides show agglomeration of the ACN-MoS2 suspension at 4 time periods 

(1s, 3s, 6s and 10s). (b) Glass Treatment with Tetrafluoropropane maintains stability of sample. (c) UV 

absorption spectra of ACN-MoS2 sample before and after degradation due to contact with untreated glass 

a) b) 

c) d) 
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slide. (d) Absorption spectrum in the visible, showing that the exciton absorption peaks appear 

weakened. 

In order to ensure which electrochemical process is happening in our sample 

and the chemical stability of the material, cyclic voltammetry measurements were 

conducted (Figure 4-8), by our collaborator Dr. Daniel Grasseschi (Federal 

University of Rio de Janeiro). Cyclic voltammetry is a technique that involves 

modulating the electric potential between two electrodes, facilitating electron 

exchange between electrochemically active species and the electrode surface. This 

method provides insights into various aspects of electrochemical reactions, 

including the number of electrons involved, the reversibility of redox processes, 

reaction kinetics, mass transport mechanisms, and the influence of surface 

morphology, among others. 

 

Figure 4-8: Cyclic voltammetry results of two batches (a and b) of ACN-MoS2, both prepared 

under identical experimental conditions, comparing scan rates of 150, 100, 50, 20,  

and 10 mV s−1. 

For an electrochemical process to occur, a conductive medium is essential to 

enable electron transfer. In our case, tetra-n-butylammonium chloride, a non-

electrochemically active species, was used as the supporting electrolyte in 

acetonitrile. Two samples’ batches, with varying stability processes, were analyzed 

with the cyclic voltametric technique. Results obtained showed the expected 

agglomeration under different voltages, further confirming results obtained with the 

custom-made cuvette and absorption measurements. 

From the beginning of my work with redox-exfoliated 2D material 

characterization a few years ago, I observed significant variations in the visual 

stability of the batches we received. Some batches presented perfectly uniform 

suspensions, while others showed noticeable clumps of material settling at the 
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bottom of the flask. On numerous occasions, we were advised by collaborators to 

use only the supernatant to ensure uniform suspensions for experimentation. The 

findings presented in this work not only demonstrate how easily the stability of 

these samples can be compromised by external factors, such as applied electric 

fields or untreated surfaces of containers but also offer practical strategies to 

preserve the stability of these suspensions over longer periods. These insights aim 

to mitigate the challenges associated with sample preparation and handling, 

ultimately enhancing reproducibility and reliability in future studies. 
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5 Material optimization with Multi-Objective Genetic 
Algorithms 

In this chapter, I will discuss the implementation of a machine learning 

genetic algorithm to optimize the optical properties of nanomaterials.  

Most of the work presented here is published as a preprint on SSRN [68] and 

is under production to be published in the Journal of the Optical Society of America 

B [10.1364/JOSAB.547482]. 

 

5.1. Motivation & background 

The active control of light properties—such as amplitude, phase, and 

polarization—is a well-established technology, most notably implemented in liquid 

crystal (LC) displays and LC spatial light modulators. However, a fundamental 

limitation of this electro-optical mechanism lies in the relatively slow response time 

of Fréedericksz-transitions, governed by 𝛾𝑑2/𝐾 ≈ 𝑚𝑠, where 𝛾 is the viscosity, 𝑑 

is the cell thickness, and 𝐾 is the elastic constant of the liquid crystal [69,70]. 

Recent devices, like the one in Figure 5-1, have demonstrated a novel 

approach to address this limitation using diluted suspensions of gold nanorods [71] 

and other plasmonic materials. Unlike anisotropic molecules, gold nanorods exhibit 

sufficiently large electric susceptibility to strongly couple to external electric fields. 

This coupling overcomes thermal excitations, enabling direct alignment of 

individual nanorods without the need for liquid crystal phases. Consequently, gold 

nanorod suspensions are expected to achieve significantly faster switching times, 

with response times on the order of 𝛾𝐿3/ 𝐾𝐵𝑇 ≈  μs, where L is the nanorod length, 

 𝐾𝐵is the Boltzmann constant, and T is the temperature. 
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Figure 5-1: Schematic depiction of the dynamic plasmonic pixels. Adapted with permission 

from reference [72]. 

This breakthrough provides a promising alternative to traditional LC-based 

approaches, solving a longstanding challenge in electro-optical device performance  

by increasing the response time by 3 orders of magnitude. 

This work is built upon previous research conducted by our group, where 

colleagues successfully developed fast micro-second optical switching devices [72] 

and an optical device with dynamic plasmonic pixels [71], both using gold nanorod 

suspensions and external electric fields to achieve light modulation. 

Although opto-switching times have gotten faster, the absorption efficiency 

achieved through nanorod alignment remains an area that requires further 

optimization. Gold nanorods have two distinct absorption peaks, which are related 

to their longitudinal and transversal cross sections. Figure 5-2 below shows an 

example of nanorods with different aspect ratios (AR). Materials used for the 

experiments reported here were synthesized and sent to us by Dr. Kyoungweon Park 

(Air Force Research Laboratory),  dispersed in toluene at 3-5 nM concentration 

respectively, made according to references [73,74]. The number which identifies 

each sample in this case was chosen to be the higher wavelength absorption peak, 

which corresponds to the longitudinal cross section extinction of the nanorod. 
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Figure 5-2: Electron microsocopy images of different nanorod samples, portraying different 

geometrical properties. The numbers (left) depict the average length x radius of the particles 

and their aspect ratio. 

By changing the orientation of the nanorods in respect to incident light, as 

exemplified in Figure 5-1, it is possible to minimize the intensity of the lower 

energy (higher wavelength) absorption peak, as can be seen in Figure 5-3 below.  
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Figure 5-3: (a) Absorption as a function of wavelength for different nanorod configurations 

and (b) reduction of the absorption with an increase of the external applied voltage. 

In this work, which is done in collaboration with José G. B. A. Lima (Federal 

University of Pernambuco, Informatics Center), I was invited to help choose 

suitable equations and parameters to feed a Genetic Algorithm (GA, [75]), validate 

the theoretical findings through my previous experimental research experience and 

run Finite Element Simulations in COMSOL Multiphysics to determine the 

extinction cross section of different nanorods configurations based on their 

geometrical features. 

a) 

b) 
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I will start the chapter with an overview of the algorithm chosen and then go 

straight to results and discussion. If there is interest, I highly recommend reading 

the published pre-print [68] where we conducted a vast review of the field and 

recent related work that combines computational methods for material 

optimization.  

 

5.2.  Multi-Objective Genetic Algorithms 

When tackling real world problems, it is often necessary to simultaneously 

address multiple, and sometimes competing, objectives. Traditional optimization 

methods may struggle to navigate these complex problem spaces effectively. Multi-

objective genetic algorithms (MOGAs) have emerged as a powerful and flexible 

tool to tackle such challenges [76,77]. The optimization process is inspired by 

nature’s process of evolution. It mimics how populations evolve over time to find 

better solutions to survival challenges.  

A distinguishing feature of MOGAs is their ability to handle non-linear and 

non-convex optimization landscapes, which are common in material design 

problems. By using processes like selection (picking the best solutions), crossover 

(combining features of two solutions), and mutation (introducing randomized small 

changes), MOGAs keep exploring the solution space while refining the results. 

Unlike single-objective algorithms, MOGAs do not seek a single optimal solution 

but instead identify a diverse set of Pareto-optimal solutions, providing the user 

with a spectrum of choices tailored to their specific priorities. 

The application of MOGAs in material science has opened new possibilities 

for innovation. By optimizing structural and functional parameters simultaneously, 

these algorithms allow for the precise modification of material properties to meet 

physical properties. For example, in the context of plasmonic nanomaterials such 

as gold nanorods, geometrical parameters—such as aspect ratio and radius— 

significantly influence the optical extinction, which is in many cases counter-

balanced by an increase in the torque necessary to physically turn the nanorods. 

MOGAs provide a systematic and efficient way to optimize these parameters, 

striking a balance between competing objectives. Another obvious advantage of 

using genetic algorithms that cover large solution spaces is the fact that there is not 

a clear theoretical indication of which exact aspect ratio produces efficient nanorods 
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for such applications, which causes previous experimental work [ , ] to be limited 

to few configurations. 

In the next sections I will describe the application of MOGAs for optimizing 

the geometry of gold nanorods, with a specific focus on enhancing their optical 

absorbance. By leveraging the capabilities of MOGAs, this work aims to contribute 

to the development of plasmonic materials, laying the foundation for optimized 

materials in sensing, imaging, and optical switching technologies. 

 

5.3. Proposed Method 

The methodology for optimizing gold nanorods is outlined in the flowchart 

shown in Figure 5-4. This process is divided into two main phases. In Phase 1, the 

input parameters for implementing the MOGA are defined. The Non-dominated 

Sorting Genetic Algorithm II (NSGA-II) [78,79] was chosen due to its algorithmic 

complexity of O(MN2), which is well-suited for this optimization task. Although 

more advanced algorithms, such as NSGA-III, were considered, their performance 

for low-dimensional optimization problems (e.g., fewer than ten objective 

functions) does not surpass that of NSGA-II, as demonstrated by previously 

published literature [80]. NSGA-II employs a selection operator, combining parent 

and child populations to promote elitism and diversity. This is achieved through a 

crowding distance metric that eliminates the need for a sharing parameter, 

providing a competitive advantage in the spread of solutions compared to its 

predecessors. 

In Phase 2, statistical tests are applied to evaluate the algorithm's convergence 

and validate the differences between consecutive or distinct generations. These tests 

help identify chromosomes with the potential to maximize the desired optical 

properties. These selected chromosomes serve as input parameters for simulations 

in COMSOL Multiphysics. The flowchart also explicitly defines all resources 

required for finite element modeling. 

While the equations for the objective functions could be theoretically 

sufficient for optimization, practical constraints and necessary approximations 

make the integration of numerical methods indispensable. This is my main 

contribution to present work, as FEM simulations to determine the extinction cross 

section of nanomaterials are well documented in literature and their results are 
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extremely precise. The validation of the algorithm's populations through statistical 

tests, performed by my collaborator José G. B. A. Lima, further ensures the 

reliability of the results. 

 

Figure 5-4: Flowchart of implemented methods. 
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5.4. NSGA-II parameters 

Here I will present a summary of the implementation of the MOGA, as well 

as the objectives chosen to be optimized. I highly recommend reading the review in 

[81] and experimental work previously done by my colleagues [71,72] as it helps 

understanding the motivation of present work. 

In the context of genetic algorithms, each chromosome in the population 

represents a set of genes, where each gene corresponds to a specific parameter of 

the gold nanorods. The value ranges for all genes considered were determined based 

on the minimum and maximum geometrical dimensions reported in experimental 

literature related to the synthesis of gold nanorods [73,82]. The genes chosen were 

the nanorod width (W), defined in the range [3 – 40] nm and the aspect ratio (AR) 

set in the range [1.5 – 5].  

To generate the extinction cross-section curves, the absorbance as a function 

of the wavelength plays a crucial role as it quantifies considerable amount of the 

light that is not transmitted, as has been already discussed in more detail in section 

2.1 of this work. This metric is directly influenced by the geometric parameters of 

nanorod, making it a key parameter for analysis. Here, absorbance was selected as 

one of the objective functions to be maximized for the multi-objective genetic 

algorithm. 

The absorption of a suspension of gold nanorods can be expressed as  

 

𝐴(𝑡) =
𝑓 𝐿 μ(𝑡) 

ln 10
 

 

where L is the optical path length in which light interacts with the sample,  f 

is the volume fraction of nanorods (which can be estimated in the interval [0,1] and 

𝜇(𝑡) is the absorption coefficient [83]. For an ensemble of nanorods we can define 

the absorption  

 

𝜇(𝑡) =  ∫ ∫ (𝜇∥ 𝑐𝑜𝑠2𝜃 +  𝜇⊥ sin2 𝜃) 𝑃(𝜃, 𝑡) 𝑠𝑖𝑛𝜃 𝑑𝜃 𝑑𝜙
𝜋

0

2𝜋

0
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where 𝑃(𝜃, 𝑡) represents the probability distribution of the nanorods 

orientation, 𝜃 is the angle between the electric field and the nanorod long-axis, and 

𝜙 is the azimuthal angle. Parameters 𝜇∥ and 𝜇⊥ are the intrinsic absorption 

coefficients of the material [84]. Assuming the nanoparticles' shape can be 

approximated as perfect prolate spheroids—a highly reasonable assumption given 

the precision achieved in nanorod synthesis, as seen in Figure 5.2—their optical 

properties can be calculated using the dielectric function of gold nanorods, 𝜀, based 

on the Maxwell-Garnett model, as follows: 

𝜇∥(⊥)  =  
2 𝜋 

𝜆 𝑛𝑚
 𝐼𝑚(𝜀) |

𝜀𝑚

𝜀𝑚 + 𝐿∥(⊥)(𝜀 −  𝜀𝑚)
|

2

 

 

Here, 𝑛𝑚 represents the refractive index of the medium (in our case, 𝑛𝑚= 

𝑛𝑡𝑜𝑙𝑢𝑒𝑛𝑒), 𝜀𝑚 is the dielectric constant of the medium, 𝜀 is the dielectric constant of 

the material (𝜀 = 𝜀𝑔𝑜𝑙𝑑) which can be obtained, 𝐼𝑚(𝜀) denotes the imaginary part 

of the dielectric constant of the nanoparticle, and finally, 𝐿∥(⊥) are the depolarization 

factors, calculated from the eccentricity 𝑒 of the spheroids [85]. 

 

𝐿∥  =
1 −  𝑒2

𝑒2
(

1

2𝑒
ln

1 + 𝑒

1 − 𝑒
− 1) 

 

𝐿⊥  =
1 − 𝐿∥

2
 

 

In this study, we consider two ideal configurations determined by the order 

parameter S, which serves as a binary indicator of the nanorods' alignment state. 

When S = 0 the system consists of completely non-aligned nanorods; S = 1 

represents a state of perfect alignment with the external electric field [86]. 

Finally, the absorption coefficient, as defined in the preceding equations, can 

be expressed in terms of the order parameter: 

 

μ1  =  
1

3
[(μ⊥  +  2μ∥)  +  2(μ⊥  −  μ∥) S] 

 

μ2 =
1

3
[(μ⊥ + 2𝜇∥) − (μ⊥ − 𝜇∥) 𝑆] 
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μ1 corresponds to the case where the light polarization is parallel to the 

direction of the electric field (nanorods aligned with the light propagation, resulting 

in minimum absorption), while μ2 occurs when the polarization is perpendicular 

(nanorods not aligned, resulting in maximum absorption). In our study, the goal is 

to maximize absorption to enhance the efficiency of plasmonic light-switching 

devices. Therefore, we focus on the scenario where the light polarization is 

perpendicular to the field direction (as illustrated in Figure 5-1). This represents the 

first objective to be optimized using the algorithm. 

In addition to absorbance, the torque exerted on the nanorods under an applied 

electric field was also evaluated as an objective function. The calculation of the 

torque is approximated by considering the contribution solely from the induced 

electric dipole 𝑝, expressed as: 

 

𝑝 = ϵ Δα 𝐸(𝑡) 

 

Where 𝜖 is the electrical permittivity of the medium, Δ𝛼 is the difference 

between longitudinal and transversal polarizabilities (Δ𝛼 = 𝛼⊥ - 𝛼∥). Considering 

the approximation for the torque experienced by the nanorod as a function of the 

electric dipole described above [83,87], the final expression can be written as 

 

τ =  ϵ Δα E2  

 

The value of  Δ𝛼 = 𝛼⊥ - 𝛼∥ can be determined from the relation  

 

α⊥,∥ =
𝑉(ϵ𝑝 − ϵ𝑚)

ϵ𝑚 + 𝐿⊥,∥(ϵ𝑝 − ϵ𝑚)
 

 

and the torque, as defined above, is the second objective function to be 

optimized by the algorithm.  

In accordance with the initialization procedure of the NSGA-II algorithm 

[88], the chromosome parameters (W, AR) will be randomly assigned within the 

specified acceptable intervals to generate the initial population.  
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5.5. Results & Discussion 

The implementation of the NSGA-II algorithm was carried out based on the 

equations outlined in the last section, which define the objective functions. The 

population size was set to 150 individuals, and the algorithm ran for 200 

generations. A selection process was employed to prioritize individuals with higher 

absorbance values and lower torque, aiming to form the Pareto frontier through the 

maximization of one objective and minimization of the other. The population size 

and number of generations were determined through several tests, where the 

algorithm's hyperparameters, including crossover rate, mutation, and other 

parameters, were varied. After multiple iterations, the robustness of the solutions 

obtained with these values was confirmed as we observed convergence of the 

optimized results around generation 85. 

Figure 5-5 shows the Pareto frontier, which links the maximization of 

absorbance with the minimization of torque experienced by the gold nanorods. The 

plot reveals the typical asymptotic behavior of the best solutions generated by the 

NSGA-II algorithm. 

 

 

Figure 5-5: Pareto frontier of the convergence population. 
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5.5.1. Statistical tests and validation of generations 

Statistical tests help determine whether the differences observed between the 

results produced by the algorithm are statistically significant or simply due to 

random fluctuations. To evaluate the quality of the nanorod configurations and 

ensure the algorithm is converging properly, we used the Mann-Whitney and 

Kruskal-Wallis tests. I highly recommend verifying Tables I and II from our 

published work [68] to assess the complete statistics that were done in 

collaboration. 

The Mann-Whitney test is a non-parametric test used to compare the medians 

of two independent samples [89]. It doesn't require the samples to follow a normal 

distribution and is suitable for unnormalized continuous data. If the calculated p-

value is less than 0.05, it suggests that the samples have different distributions and 

that the compared individuals have distinct performances. Conversely, a p-value 

greater than 0.05 indicates that there is not enough evidence to reject the null 

hypothesis, implying the samples have similar distributions. The results obtained 

from this test align with the step function, indicating statistical differences between 

the initial populations, suggesting that they have different performances. High 

values of the test statistic imply that individuals from higher-generation populations 

tend to have better parameter values. After generation 80, the p-value was much 

greater than the 5% significance level, providing no evidence to reject the null 

hypothesis. This suggests that the distributions are similar and that the performance 

of the nanorod solutions in the two populations will be comparable, proving that we 

have probably achieved convergence to the optimized maximum-absorbance 

individuals around that generation. 

The Kruskal-Wallis test [90,91], on the other hand, is used to compare three 

or more independent samples and can be applied to assess the convergence quality 

of the NSGA-II algorithm. Analyzing the values obtained for the last generations, 

along with a p-value greater than 5%, there is once again no evidence to reject the 

null hypothesis. These results are consistent with the Mann-Whitney test, 

suggesting that there are no significant differences between the individuals in 

populations 80 and 85, thus further confirming the convergence obtained [92]. 

Based on the results from the applied hypothesis tests, five configurations 

corresponding to generations 20, 40, 60, 80, and 85 were selected. The values of 
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the nanorod parameters for these generations are shown in Tables 4 and 5 below. 

As a result, 25 different gold nanorod geometrical configurations were obtained, 

which will then be modeled using FEM through COMSOL Multiphysics. 

 

Table 4: Nanorod parameters - generations 20, 40 and 60. 

 

Table 5: Nanorod parameters - generations 80 and 85. 

 

 

5.5.2. Finite Element Method results 

The 25 configurations of gold nanorods were simulated using the finite 

element method in COMSOL Multiphysics, and the extinction cross-section (ECS) 

curves for each configuration were generated [93-95]. Figures 5-6 through 5-7d 

display the evolution of the ECS for configurations 1 to 5 of each generation. In 

Figure 5-6, a zoomed-in view of generation 20 is shown, as the values for the 
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extinction curves are on the order of 10-16 m². Configurations 2 to 5 from generation 

20 also fall within this range, but to improve legibility, only the results for 

configuration 1 are chosen to be shown. 

 

Figure 5-6: ECS as a function of wavelength for multiple generations, confirming the evolving 

process of configuration 1. 

The comparison of results is primarily focused on the order of magnitude of 

the extinction curves, as the physical phenomena associated with the alignment of 

the gold nanorods and the simulation of these configurations through finite element 

modeling are well-established in the literature. The base simulation model in 

COMSOL Multiphysics, which was used to obtain all configurations, was provided 

by the corresponding author of the foundational article [] and thoroughly modified 

to suit our system. The cross-section magnitudes in the referenced article are on the 

order of 10-15 m². 

The results presented in next figures demonstrate the evolution of the 

extinction cross-sections of the gold nanorods. In the early generations (20 and 40), 

the extinction curves have magnitudes between 10−16 m² and 10-15 m², reflecting the 

initial phase of the genetic algorithm. During this phase, the individuals in the first 
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generations are expected to have suboptimal parameters, as the algorithm is still in 

the process of finding better solutions across generations. 

From generation 60 onward, the order of magnitude for extinction cross-

section values ranges between 10−15 m² and 10-14 m², with configurations yielding 

higher values for the extinction curves. Generations 80 and 85 consistently 

produced extinction curves with magnitudes in the range of 10−14 m2, which are 

very similar to each other. This result further supports the statistical evidence 

regarding the similarity in the performance of these solutions. 
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Figure 5-7: ECS as a function of the wavelength for multiple generations, confirming the 

evolving process of configurations 2-5, respectively. 

 

The observed increase in the baseline of the absorbance plot correlates with 

an increase in the nanorod width (W). This outcome is expected since the optical 

path for light-material interaction in the non-aligned mode depends on the gold 

nanorod's width. 

In the context of designing and optimizing light-switching devices, as 

discussed in [71], it is advantageous for the nanorods to exhibit minimal absorption 

when aligned with the incident light source. In simulations where the nanoparticles 
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are perfectly aligned with the incident light, the absorption cross-section resembles 

that of a spherical particle. Consequently, only the first absorption peak is observed 

in the results obtained by solving the equations for the scattered field. This peak 

corresponds to the transverse cross-section of the nanorod, while the higher 

wavelength peak arises from the longitudinal component. 

In real experiments, however, not all nanorods are perfectly aligned due to 

fluctuations in their axis and the external electric field. As a result, some absorption 

is observed at higher wavelengths, as noted in [71,72]. This discrepancy highlights 

the difference between idealized simulations and practical experimental conditions. 

A comparison of our results with previously published literature highlights 

those studies usually only present normalized absorbance data, focusing primarily 

on peak absorbance values, while often overlooking precise extinction coefficients 

which depend significantly on nanorod sizes and aspect ratios. Notable 

advancements in nanorod optimization, both experimental and computational, have 

been reported by colleagues [96], achieving maximum efficiencies with extinction 

cross sections (ECS) of 7 × 10⁻¹⁴ m² for specific configurations. In contrast, the 

optimized nanorod populations generated in this study exhibit efficiencies 

approximately 15% higher, further confirming the effectiveness of the proposed 

computational evolutionary method. 
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A  

Comparative tables with previously published work. 

 

A.1  

Survey of Cellulose-Based Random Lasers 
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A.2  

Survey of Random Lasers with similar oxide-based scatterers. 

 

 


