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Resumo 

 

PUGINA, R. S. YAG:Ln3+ obtidos via pirólise de aerossol - partículas e compostos à base 

de fibroína e suas aplicações fotônicas. 2022. Tese (Doutorado em Ciências – Faculdade de 

Filosofia Ciências e Letras de Ribeirão Preto, Universidade de São Paulo, Ribeirão Preto, 2022. 

 

Os avanços na área da fotônica estão intimamente relacionados à obtenção de novos materiais 

e sistemas nanoestruturados, bem como ao estudo de efeitos ópticos não-lineares. Neste sentido, 

a emissão laser em ambiente aleatório é um promissor campo de pesquisa, assim como o 

desenvolvimento de termômetros óticos e de materiais possíveis de serem aplicados como 

dispositivos anti-falsificação, entre outros. Visto isto, neste trabalho, esferas de YAG (Ítrio 

Alumínio Garnet, Y3Al5O12)  dopadas com diferentes íons lantanídeos foram obtidas via 

pirólise de aerossol, uma metodologia que proporciona alto rendimento e pode ser empregada 

para produção em larga escala, não gerando subprodutos, e oferecendo a vantagem de não 

introduzir impurezas no produto final, uma vez que não há contato externo com os precursores, 

e cada gota constitui um mini reator homogêneo que possui a mesma composição química da 

solução inicial. Durante a síntese e, mesmo após tratamento térmico a 1100 °C, as partículas 

não coalesceram. Todas as caracterizações confirmaram que a fase YAG foi obtida na presença 

dos íons lantanídeos (Nd3+, Yb3+/Er3+ ou Yb3+/Tm3+), que tiveram suas propriedades 

espectroscópicas analisadas e exploradas visando aplicações fotônicas. As partículas de 

YAG:Nd3+ foram estudadas quanto à suas emissões em ambientes desordenadas, já as partículas 

de YAG:Yb3+/Er3+ foram destinadas à estudos em diferentes temperaturas, enquanto nos 

sistemas YAG:Yb3+/Tm3+ foi observado a emissão caraterística no azul, o que torna este 

material um possível candidato à dispositivo anti-falsificação. Além disto, visando aplicações 

biológicas, estas partículas foram adicionadas à fibroína da seda, uma matriz biocompatível que 

permite a inserção de diferentes íons, moléculas ou nanopartículas; apresenta boa adequação 

em sistemas ópticos, devido, principalmente, a elevada transparência (> 95%) em toda a região 

visível do espectro; é mecanicamente robusta e modelável na forma de filmes, fios ou partículas. 

No caso dos compósitos SF-YAG:Yb3+/Er3+ e SF-YAG:Yb3+/Tm3+, os mesmos 

comportamentos observados nas partículas foram constatados também na forma de filme.  

 

Palavras-chaves: Espectroscopia de Luminescência. LASER Aleatório. Termometria. 
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Abstract 

 

PUGINA, R. S. Ln3+:YAG obtained via spray pyrolysis - particles and fibroin-based 

compounds, and its photonic applications. 2022. Tese (Doutorado em Ciências – Faculdade 

de Filosofia Ciências e Letras de Ribeirão Preto, Universidade de São Paulo, Ribeirão Preto, 

2022. 

 

Advances in photonics are related to obtaining new materials and nanostructured systems, as 

well as studying non-linear effects. In this sense, laser emission resulting from the confinement 

of light in a disordered structure is a promising field of research, as well as the development of 

optical thermometers and materials that can be applied as anti-counterfeiting devices, among 

others. In this work, YAG (Yttrium Aluminum Garnet, Y3Al5O12) spheres doped with different 

lanthanide ions were obtained via spray pyrolysis, a methodology that provides high yield and 

can be used for large-scale production, without generating byproducts, and offering the 

advantage of not introducing impurities into the final product, since there is no external contact 

with the precursors, and each drop constitutes a homogeneous mini reactor that has the same 

chemical composition as the initial solution. During the synthesis and even after heat treatment 

at 1100 °C, the particles did not coalesce. All characterizations confirmed that the YAG phase 

was obtained in the presence of lanthanide ions (Nd3+, Yb3+/Er3+ or Yb3+/Tm3+), which had their 

spectroscopic properties analyzed and explored for photonic applications. The Nd3+:YAG 

particles were studied for their emissions in disordered environments, Yb3+/Er3+:YAG were 

intended for studies at different temperatures, while in the Yb3+/Tm3+:YAG systems the 

characteristic blue-emission was observed, which makes this material a possible candidate for 

an anti-counterfeiting device. Furthermore, aiming for biological applications, these particles 

were added to silk fibroin which is a biocompatible matrix that allows the insertion of different 

ions, molecules or nanoparticles; that shows good suitability in optical systems, mainly due to 

high transparency (> 95%) throughout the visible region of the spectrum; that is mechanically 

robust and moldable in the form of films, wires and particles. In the case of SF-Yb3+/Er3+:YAG 

and SF-Yb3+/Tm3+:YAG composites, the same behavior observed in the particles was also 

observed in the film form. 

 

Keywords: Luminescence Spectroscopy. Random LASER. Thermometry. 
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Introduction 

This thesis is a result from the studies carried out during the PhD project titled 

“Structural and spectroscopic study of luminescent composites based on fibroin and rare earth 

ions for photonic applications” funded by CNPq (process 141954/2018-3) and developed from 

March/2018 to January/2022 in the Nanomaterials and Luminescent Systems Group 

(NanoLum). During this period, particles of Ln3+:YAG (Ln3+: Nd3+, Yb3+/Er3+ and Yb3+/Tm3+) 

were prepared via Spray Pyrolysis (SP), a methodology that provides high yield and could be 

employed also for large-scale production. This methodology generates few byproducts that are 

associated with the production of micro- and submicrometric spherical particles that do not 

coalesce, and it can provide dense or hollow materials. In addition, offers the advantage of not 

introducing impurities in the final product because there is no external contact with the 

precursors, and each drop constitutes a homogeneous mini reactor that has the same chemical 

composition as the initial solution. This system involves three main steps: aerosol generation, 

pyrolysis, and final product collection 1–4. The precursor used was a boehmite suspension 

obtained by sol-gel methodology, since, in previous works of the group, the effectiveness in the 

preparation of these aluminates from this suspension was demonstrated 5. Crystalline YAG 

(Yttrium Aluminum Garnet) presents a cubic structure and, when doped with lanthanide ions 

(Ln3+), the resulting materials have important applications in the optical and photonic fields 6,7. 

Aiming for photonic and biological applications, compounds based on Silk Fibroin (SF) 

were also obtained. Fibroin is a fibrous protein extracted from Bombyx mori cocoons. A natural, 

resistant, and biocompatible polymer that has been studied for several applications over the last 

70 years 8,9, which reuses the waste from the textile industry and has several interesting 

characteristics that have been widely explored by the field of research. The silkworm cocoons 

used for fibroin extraction were kindly donated by the silk spinning company BRATAC, located 

in Londrina in Paraná state, Brazil. 

The Nd3+:YAG laser has over 50 years of history. It has been the most commonly used 

material in commercial solid-state lasers because it combines the advantageous properties of 

the YAG matrix and the inserted Nd3+ ion. The YAG matrix presents good transparency, high 

melting point, high thermal conductivity, low thermal expansion coefficient, chemical stability, 

and hardness. Whereas the Nd3+ ion has four energy levels associated with absorption bands in 

the near infrared region and high efficiency for stimulated emission in laser studies 10–12. The 

materials herein produced in the presence of Nd3+ ions were intended for application as Random 
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Laser (RL) devices. The laser emission tests of these materials were carried out at the Physics 

Department of the Universidade Federal do Pernambuco (DF-UFPE) in collaboration with Prof. 

Dr. Anderson S. L. Gomes and Dr. Manoel L. da Silva-Neto, within the INCT-INFO project. 

In addition, the YAG matrix was also doped with the Yb3+/Er3+ pair, and its thermometry 

properties were studied, since Er3+ ions are particularly interesting because their excited levels 

2H11/2 and 4S3/2 are energetically close, so they can be classified as thermally coupled levels; that 

is, under 980-nm laser excitation, Up-Conversion (UC) emissions sensitive to temperature 

changes can be achieved 13. The initial tests of these materials were also carried out at UFPE, 

in collaboration with Professor Anderson's group. Finally, the results obtained with the systems 

doped with Yb3+/Tm3+ ions demonstrated that they can be explored in the future as anti-

counterfeiting systems, due to the interesting blue emission observed. The data presented in this 

thesis are published in scientific journals* † ‡ §, which are attached, along with the authorizations 

for reproduction, and a summary of the author's curriculum (see appendix). 

This document has a general introduction to the main subjects that permeate the work, 

Aluminum and its Compounds, Rare Earth Elements, Principles of Photonics, and Silk, as well 

as their objectives, experimental methods, and results, which will be presented by section: 

firstly, the structural, morphology and spectroscopic characterization of the materials and, 

subsequently, their possible applications such as laser systems, thermometers and anti-

counterfeiting devices.

 
* Pugina, Roberta S.; Caiut, José Maurício A. Silk: History, Obtaining, Structure and Properties of an 

Old Material in the Development of New Technologies. International Journal of Advances in Medical 

Biotechnology, v. 4, p. 27-45, 2021. 

† Pugina, Roberta S.; Hilário, Eloísa G.; da Rocha, Euzane G.; da Silva-Neto, Manoel L.; Das, Avishek; 

Caiut, José Maurício A.; Gomes, Anderson S.L. Nd3+:YAG Microspheres Powders Prepared by Spray 

Pyrolysis: Synthesis, Characterization and Random Laser Application. Materials Chemistry and 

Physics, v. 269, p. 124764, 2021. 

‡ Pugina, Roberta S.; Silva, Douglas L.; Riul, André; da Silva-Neto, Manoel L.; Gomes, Anderson S.L.; 

Caiut, José Maurício A. Silk Fibroin-Yb3+/Er3+:YAG Composite Films and their Thermometric 

Applications based on Up-conversion Luminescence. Polymer, v. 241, p. 124541, 2022. 

§ Pugina, Roberta S.; Caiut, José Maurício A. Blue emission from silk fibroin-Yb3+/Tm3+:YAG films by 

up-conversion. Materials Letters, v. 314, p. 131866, 2022. 
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1. State-of-the-Art 

1.1. Aluminum and its Compounds 

The element aluminum is represented by Al, with a molar mass equal 27 g/mol and 

atomic number of 13. This metal is the most abundant metallic element and the third most 

abundant element in the earth's crust, and the non-ferrous metal most used by man. The first 

reports of the use of this element date back to 6000 b.c. when the Persians made clay pots and 

containers that contained aluminum oxide. Three thousand years later, clays with alumina were 

used by ancient peoples in Egypt and Babylon to make cosmetics, medicines and fabric dyes. 

In the 19th century of the common era, many events mark the history of this metal, as Humphrey 

Davy's first obtainment of what so far came closest to aluminum from the smelting of iron in 

the presence of alumina (1809); discovery of a reddish ore containing 52% aluminum oxide 

near the village of Les Baux in southern France by Frenchman P. Berthier. This is the discovery 

of bauxite, the most common aluminum ore (1821) 14. As early as 1825 Danish physicist Hans 

Christian Oersted manages to isolate aluminum in another way, from aluminum chloride as it 

is known today, and in 1855, Deville shows, at the Paris exhibition, the first ingot made of a 

metal much lighter than iron. The process of obtaining aluminum through the electrolytic 

reduction of alumina dissolved in a melted cryolite bath is made public. This procedure was 

developed separately by the Charles Martin Hall and the Paul Louis Toussaint Héroult, who 

discovered and patented it almost simultaneously, becoming a process known as Hall-Heróult 

and allowing the establishment of the global aluminum industry. Almost a century later, in the 

city of Ouro Preto (Minas Gerais, Brazil) the first aluminum ingot in the Southern Hemisphere 

is produced at the Elquisa factory 15. 

The name aluminum comes from the Latin alumen which means alum, name given to 

aluminum sulfate today. This element presents several applications – in the automobile 

industry, it is present in several components used in the manufacture of vehicles; as packaging, 

in addition to being light and practical, it helps to conserve food, as it protects it from the action 

of light, moisture and air; in the production of consumer goods such as electronics, furniture, 

decoration, and sporting goods bringing modernity and durability to the products; and in civil 

construction, where the search for sustainable construction makes the material ideal for this 

application, being present in products such as aluminum frames, cladding panels, glazed 

façades, box and construction tools 16. It is used a lot because of its physical and chemical 

properties, as showed in the Table 1. 
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Table 1. Chemical and physical properties of metallic aluminum 17 

 

Density 

2.7 g/cm³, this density is approximately 1/3 that of steel. 

With this, the automobile industry is increasingly using 

this metal to replace steel. 

Melting point 660 °C 

Boiling point 2467 °C 

 

Thermal conductivity at 25 °C 

0.53 cal/cm/°C, 4.5 times bigger than steel, that allows its 

use in the manufacture of kitchen utensils. 

 

Corrosion resistance 

High due to the fact to form a thin and transparent layer 

of aluminum oxide on its surface, protecting the metal 

from further oxidation. 

 

Antimagnetic property 

It is not magnetic and does not produce sparks, it can be 

used as protection in electronic equipment, and to store 

flammable products. 

 

In addition to its interesting properties that allow its use in various applications, 

aluminum unlike other materials, can be recycled infinitely without losing its characteristics in 

the reuse process, both from scrap generated by products with an exhausted useful life, as well 

as from leftovers from the production process. In Brazil, aluminum recycling begins with the 

establishment of the metal industry in the country. The first records of production of aluminum 

utensils in the national territory date back to 1920, when the sector used scrap imported from 

several countries as raw material. Seventy years later, with the beginning of the production of 

cans in Brazil, metal recycling was intensified, recording increasing volumes. Currently, 

aluminum recycling in Brazil takes place with high efficiency, above the world average, 

recycling practically all available scrap. The ratio between recycled and consumed material 
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indicates a percentage of 38.5%, which is higher than the 2014 world average that was 27.1%. 

In the following year, 602 thousand tons of aluminum were recycled in national territory. Of 

this total, 292.5 thousand tons refer to scrap aluminum cans for beverages, which corresponds 

to 97.9% of the total packaging consumed that year, an index that has kept Brazil among the 

leading countries in the recycling of cans since 200l 18. 

This element is found in igneous rocks, in minerals such as micas, feldspar, beryl 

(Be3Al2[Si6O18]), spinel (MgAl2O4), cryolite (Na3[AlF6]), garnet ([Ca3Al2(SiO4)3]), and in the 

corundum (Al2O3) which is the mineral with the highest Al content. Ruby and sapphire, 

gemstones, are impure forms of corundum containing Cr3+ and Fe3+ ions, which give the gems 

their red and blue colors, respectively. However, the main source of metallic aluminum is 

bauxite. This mineral is mainly composited by gibbsite (γ-Al(OH)3), boehmite (γ-AlO(OH)), 

and diasporium (⍺-AlO(OH)). The proportion of the three forms varies depending on the 

geographic location of the ore. Bauxites containing more boehmite are found in European 

deposits, while those rich in diasporium in China, Hungary, and Romania. Geologically 

younger bauxites, on the other hand, have a high gibbsite content, and occur in large deposits 

in tropical climate areas such as Jamaica, Brazil, Australia, Guinea, Guyana, Suriname, and 

India. The most important trade route for the purification of bauxite is the Bayer process 15,19, 

and currently, global bauxite reserves with a total of around 30 billion tons, including Guinea, 

Australia, Vietnam, Brazil, and Jamaica which are the five largest bauxite producers 20.  

By the thermal treatment of the aluminum hydroxides that constitute bauxite, the 

aluminum oxide, Al2O3, is obtained and called alumina. The alpha phase (⍺-Al2O3) is the most 

thermodynamically stable, called corundum and which occurs in the monocrystalline form. It 

is also possible to obtain other transitional alumina phases, known as gamma (γ), theta (θ), eta 

(η), chi (χ), kappa (κ), beta (β), and delta (δ) 15.  

After this brief report on the history and properties of the aluminum element, and its 

main compounds, we will talk about the structures known as yttrium aluminates, focusing on 

the garnet-shaped structure (YAG), as well as the precursor suspension and the method used 

to obtain it in this work. 
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1.1.1. Yttrium Aluminates – YAG in focus  

The element yttrium is represented by the letter Y, it has an atomic number of 39 and 

molar mass of 89 g/mol. This element is located in the ‘d-block’ of the periodic table, and is 

part of the group known as ‘rare earths’, which is discussed in more details below. Yttrium is 

commonly found in the oxide form, Y2O3, so it is known as yttria. This compound is a white 

substance, stable to air, used as a precursor in the synthesis of several inorganic compounds, 

and was first used for commercially application in red phosphors.  

Together with yttrium oxide (Y2O3, yttria), the aluminum oxide (Al2O3, alumina) 

constitutes a pseudo-binary system, Al2O3-Y2O3, that contains components that are of great 

importance in the development of electronic and optical devices, this will also be discussed in 

more details in the following sections. In addition to the presence of both oxides, the Al2O3-

Y2O3 system contains three stable crystalline phases at room pressure: YAP (YAlO3), YAM 

(Y4Al2O9), and YAG (Y3Al5O12). Moreover, the metastable phase YAH (YAlO3) may arise. 

YAM (Yttrium Aluminum Monoclinic) has monoclinic structure, while YAP (Yttrium 

Aluminum Perovskite) and YAH (Yttrium Aluminum Hexagonal) have distorted orthorhombic 

perovskite structure and hexagonal structure, respectively 21, as showed in Figure 1. The 

information of all the intermediate phases are summarized in Table 2. 

 

 

Figure 1. Unit cell of YAH, YAP and YAM, and their point groups 22.  
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Table 2. Chemical formula, abbreviation, name, structure, and point group of the intermediate 

compounds of the Al2O3-Y2O3 system 21 

 

Chemical 

Formula 

 

Abbreviation 

 

Name 

 

Structure 

 

Point group 

 

Y3Al5O12 

 

YAG 

yttrium 

aluminum 

garnet 

 

cubic 

 

Ia3d 

 

Y4Al2O9 

 

YAM 
yttrium 

aluminum 

monoclinic 

 

monoclinic 

 

P21/c 

 

 

 

 

 

YAlO3 

 

 

YAP 

 

yttrium 

aluminum 

perovskite 

orthorhombic 

form with 

distorted 

perovskite 

 

Pnma 

 

YAH 
yttrium 

aluminum 

hexagonal 

 

hexagonal 

 

P63/mmc 

 

The intermediate compounds of the Al2O3-Y2O3 system have many optical and photonic 

applications, but can also be used as a promising material candidate for the ceramic layer in the 

thermal barrier coating system (YAM) and as scintillators and acousto-optics (YAP), for 

example 23,24. They can be obtained by different methodologies. Polycrystalline powders of 

YAM and nano-crystalline YAP perovskites were produced by a modified sol-gel synthesis 

(Pechini) 25,26, and by a polymer complex method 27. By conventional sol-gel method using 

yttrium and aluminum citrate complexes as precursors, YAM can be obtained also 28, as well 

as YAP via hydrothermal synthesis 29. Twenty years ago, Lo and Tseng 30 demonstrated that 
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the YAG and YAM phases can be obtained in a pure form via sol-gel methodology, and that 

the YAP phase occurs through the reaction between the YAM and YAG. 

Medraj and his collaborators 24 observed that obtaining the intermediate phases from the 

ends compounds (Al2O3 and Y2O3 oxides) by solid-state reaction is not so simple, since these 

cases portions of the oxides may not react. They studied the development of these phases that 

constitute the Al2O3-Y2O3 binary system using neutron diffraction, which provides real-time 

information about the solid-state reaction that occurs at its temperature ranges. In this study, 

they demonstrated the possibility of obtaining the intermediate phases via melt extraction or 

solid-state reaction. Table 3 shows the chemical composition and the constituent phases of the 

samples studied.  

 

Table 3. Chemical composition and the expected phases of the studied samples in Medraj work 24 

 

Sample no. 

 

Al2O3 mol% 

 

Composition 

1 79 Y2O3/YAG 

2 62.5 YAG 

3 57.5 YAG/YAP 

4 50 YAP 

5 33.33 YAM 

 

Besides, the stability of the YAP, YAG and YAM phases were observed at temperatures 

below 25 °C, clarifying any doubts about their decomposition. In this study, it was observed 

that the formation of the YAG compound started at around 1200 °C and finished at 1600 °C, 

while YAP and YAM finished at 1800 °C. The melting temperature of samples number 1 to 5 

were 1820, 1942, 1908, 1915, and 1978 °C, respectively. In Figure 2, these samples are located 

in the phase diagram of the Al2O3-Y2O3 binary system 24. 
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Figure 2. Experimental Al2O3–Y2O3 phase diagram with the investigated compositions 24. 

 

Since the 1960s, luminescent Ln (which will have their spectroscopic properties 

discussed below) doped materials based on this binary aluminum and yttrium oxide system 

have been one of the most important materials for the development of opto-electronic devices 

31, as luminescent temperature sensor based on Y3Al5O12 doped V3+/V4+ and Ln3+ ( Eu3+, Dy3+ 

and Nd3+) 32, Ce3+-doped Y3Al5O12 as nanophosphors in LED lighting technology 33, warm-

light and cyan emitting garnet 34, and nanoprobes (Ce3+ and Nd3+-doped) for biological 

application 35. 
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Crystalline YAG (Yttrium Aluminum Garnet) presents a cubic structure and contains 

three different types of polyhedron where Y3+ occupies dodecahedral sites and Al3+ occupies 

both octahedral and tetrahedral sites 36, as shown below in Figure 3. 

 

 

Figure 3. Crystal structure, unit cells and point group of YAG 6. 

 

The general formula of the complex structure formed by the crystallization of the YAG 

is {A}3[B]2(C)3O12, where the cations are represented by A, B and C (Y, Al and Al) present 

oxygen coordination number equal to 8, 6 and 4, as can also be seen in the Figure 3 (YO8, AlO6 

and AlO4) 
6. As already shown, YAG has a space group Ia3d (Oh) where ions with higher radius 
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values (A) occupy distorted dodecahedron sites, while the smaller ions (B) occupy octahedral 

sites 37. 

As already mentioned, when YAG is doped with Ln ions, the resulting materials have 

important applications in the optical and photonic fields; for example, Ce3+:YAG 7 and 

Eu3+:YAG phosphors have been widely studied and employed in efficient devices that generate 

white light 38. Furthermore, YAG stands out as host matrix for Er3+ and Nd3+, which are usually 

applied as active media for solid-state lasers 37. The Nd3+:YAG laser has over 50 years of history 

10. It has been the most commonly used material in commercial solid-state lasers because it 

combines the advantageous properties of the inserted Nd3+ ion and YAG matrix, that presents 

good transparency, high melting point, high thermal conductivity, low thermal expansion 

coefficient, chemical stability, and hardness 39. There are numerous studies about this material, 

which can be obtained by various synthesis routes such as solid-state synthesis 37, sol-gel 

process 40, co-precipitation 6, and flame pyrolysis 41, among other methods. In the specific case 

of RL applications, high Ln ion content is required to improve the emission gain 37, but some 

synthesis methodologies could form clusters, leading to the luminescent properties being 

quenched. Herein, we prepared YAG (Ln3+-doped according to the application of interest) in 

spherical particles by SP, a methodology that provides high yield and could be employed for 

large-scale production. For this, we prepared by sol-gel methodology boehmite suspension 

doped with rare earth ions (Y3+ and Nd3+ or Yb3+/Er3+ or Yb3+/Tm3+), and this suspension was 

used as a precursor in SP synthesis. The precursor and the method employed are discussed in 

more detail in the next topics. 

 

1.1.1.1. Boehmite – the precursor  

The mineral boehmite, as already mentioned, is one of the three economically important 

mineral components of bauxite, and presented form γ-AlO(OH). This mineral, as well as the 

others that make up bauxite, contain hydroxyls within its structure and are transformed into 

aluminum oxide in different metastable polymorphic phases, after thermal treatment or 

dehydration. In the laboratory, this compound can be prepared by hydrothermal treatment of 

Al(OH)3, or through sol-gel methodology from hydrolysis and condensation reactions of 

aluminum salts or alkoxides obtaining stable and transparent colloidal suspensions 4,42. This 

methodology was used in this work to obtained rare earth doped boehmite, which was applied 

as a precursor in the synthesis of the particles. Its structure (Figure 4) presents an orthorhombic 

unit cell with 4 AlOOH units (space group D2h
17). Each aluminum atom is surrounded by 
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oxygen atoms in a distorted octahedron, the layers represented in the image are joined by 

hydrogen bonds involving hydroxyl groups from a close layer 43. 

 

 

Figure 4. Drawing of the boehmite structure consisting double sheets of octahedral with Al ions at their 

center 43. 

 

It is also possible to find the term pseudo-boehmite, which refers to aluminum 

monohydroxide of low crystallinity, named by Calvet in 1952. The X-ray diffractogram of this 

structure differs from that of crystalline boehmite by the relative intensities of the peaks 44. In 

addition to the application already mentioned, this mineral is also used, in powder form, as a 

catalyst in the petrochemical industry as well as an adsorbent, optical and coating material 43. 

 

1.1.1.2. Spray Pyrolysis – the method employed 

A wide variety of powdered materials including metals, metal oxides, ceramics, 

phosphors, superconducting materials, fullerenes, and others can be obtained by aerosol 

pyrolysis technique 45, or Spray Pyrolysis (SP). In addition, films can be prepared also, by 

deposition over a wide variety of substrates that can be easily adapted for industrial production 

processes 46. This methodology provides high yield and could be employed for large-scale 

production. Additionally, SP generates few byproducts that are associated with the production 

of micro- and submicrometric spherical particles that do not coalesce, and can provide dense or 

hollow materials 1. SP offers the advantage of not introducing impurities in the final product 

because there is no external contact with the precursors, and each drop constitutes a 

homogeneous mini reactor that has the same chemical composition as the initial solution. The 

system used for this methodology involves three main steps: aerosol generation, pyrolysis, and 

final product collection 4, and can be represented by the scheme in Figure 5. 

 



State-of-the-Art 
 

Pugina, R. S. 

 

31 

 

Figure 5. SP experimental setup. 

 

The aerosol can be generated by different methods. In the system in Figure 5, the aerosol 

is originated in the ultrasound chamber. In this first step (1) a 2.4-MHz frequency piezoelectric 

pellet is used to generate an ultrasound field in the precursor solution (boehmite suspension, in 

this work specifically), and the propagation of these waves causes a succession of 

comprehension and dilation waves to appear inside the liquid, leading to the phenomenon of 

cavitation. So, micro drops are ejected from the surface of this liquid, forming a geyser due to 

the applied ultrasound. The cavitation, during this aerosol production step, depends on different 

factors such as: ultrasonic frequency, liquid surface tension, viscosity and solution temperature. 

A solvent suitable for ultrasonic nebulization needs to have low surface tension and viscosity. 

In addition, the particle size distribution of the aerosol, which will be an important parameter 

in defining the size and shape of the grain of the dry material, depends directly on the aerosol 

generation mode and the concentration of the precursor; when the aerosol is generated by 

ultrasound, the droplet size depends on the frequency of the tablet used, and the particle 

diameter (PD) can be calculated by 47: 
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                                       𝐏𝐃 =  √
𝐂.𝐌

𝐝

𝟑
. 𝐃𝐃                                                                    Equation 1 

 

C: molar concentration of the final product in the solution, M: mass molar of the final product, 

d: apparent density of the final product, and DD diameter of the drop. 

 

Next, the aerosol formed is carried through the two heat-treatment zones, the drying 

zone (with milder temperature, 150 °C in the represented case) and the pyrolysis zone (2) 

(higher temperature - 700 °C, in this case), by gas flow. In the drying zone, the solvent is 

evaporated and initial precipitation occurred; and in the decomposition or pyrolysis zone, the 

desired material is obtained by fast thermal treatment. In the third and last step (3), the product 

formed is collected in an electrostatic filter operating at 11 kV and 150 ºC to avoid water 

condensation. The carrier atmosphere may present reactive interactions with the droplet, so the 

nature of the gas can generate or not a specific reactive interaction on the nebulized precursor 

1,2,4,46. Herein, the atmospheric air was not a trouble when used as a carrier gas because the 

precursor was obtained by hydrolysis in a water medium on atmospheric air and the desired 

crystalline phases were attained by dehydration process and structure organization. 

As mentioned, the morphology of the particles depends on the composition of the 

starting solution, which can then be controlled, since each drop of aerosol can be seen as a mini 

reactor. In Figure 6, we can see two possibilities of particles formation: one, where the drying 

of the drop occurs with consequent precipitation of material on the surface of this drop, which 

can lead to the formation of hollow spheres or broken particles; and another, where drying is 

accompanied by polymerization of the precursor, leading to the formation of dense spherical 

particles 45. 
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Figure 6. Particle formation process by SP 45. 

 

The formation of solid particles is favored by the use of soluble, low concentrated and 

low volatile precursor solution, which pass through the furnace for a long time. The hollow 

particles will be formed as a result of the creation of a concentration gradient of the solute 

during the evaporation of the solvent in the drop. If there is not enough time for the solute to 

diffuse into the drop, it will precipitate on its surface. After this, two hypotheses are possible: 

the solid layer formed on the surface is impermeable to the solvent, resulting in particle 

fragmentation due to the internal pressure of the drop; or formation of hollow solid particles, if 

this pressure is not very high and the gases are trapped inside the particle 4,45. 

 

1.2. The Rare Earth 

The group of 17 chemical elements known as ‘Rare Earths’ (RE) is composed of the 

metals scandium (Sc, Z=21) and yttrium (Y, Z=39), in addition to the group of Lanthanides 

(Ln), located in period 6 of the periodic table and that includes all the elements from lanthanum 

(La, Z=57) to lutetium (Lu, Z=71) 12,48, as can be seen in the table represented in Figure 7. 
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Figure 7. Periodic table showing the position and composition of the RE group. 

 

The name ‘rare earths’ appeared at the end of the 18th century, in Sweden, together with 

the findings of the first elements of this group, with the term ‘earth’ referring to the fact that, at 

the time, these elements were found in the form of oxides, while that ‘rare’ is a mention to these 

having been found only in some regions of this country, close to Ytterby. Currently, it is known 

that this designation brings a false idea about this group of elements, which cannot be 

considered ‘earths’, as they are metallic in nature, and not ‘rare’, as they have a considerably 

high abundance. Thulium (Tm), for example, the least abundant Ln of the group, is more 

abundant than elements such as cadmium (Cd), mercury (Hg), silver (Ag), among others, while 

the most abundant lanthanide, cerium (Ce ), is found in amounts similar to zinc (Zn) 48,49. 

In nature, RE can be found in the composition of many minerals, monazite ((TR, 

Th)PO4) being the most important of them, and together with xenothym (TRPO4), gadolinite 

(Be2FeTR2Si2O10), alanite ((Ca, TR)2(Al, Fe, Mn, Mg)3(SiO4)3(OH)), bastnasite (TRFCO3), 

euxenite ((Ca, TR)(Nb, Ta, Ti)2O6) and apatite ((Ca, TR)5(P, Si(O4)3(O, F)) forms the group 

with the greatest commercial interest 48. The world's largest reserve of RE (approximately 60 

million tons) is located in China, a country that since the 1990s has been the leader in this 

market, selling around 95% of RE products. On the other hand, Brazil has a reserve half the 

size of the Chinese one, which still represents a considerable amount of these elements 49,50.  

Despite having their names little known outside the academic environment, RE are 

widely present in our daily life in the composition of the most diverse types of materials, such 
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as magnets, catalysts (mainly intended for oil cracking and pollutant reduction systems in 

automobiles), polishes, battery alloys, glass, phosphors ceramics, among others, as shown in 

Figure 8. Among the luminescent materials obtained based on RE, we can mention optical 

markers, LEDs (light-emitting diodes) and OLEDs (organic light-emitting diodes), fluorescent 

lamps, displays, cathode ray tubes, lasers, among others; which are widely used in various areas 

such as lighting, medicine, and security 48,51. 

 

 

Figure 8. Graphic representing the main uses of RE, in percentage, and the main elements present in 

each one of them 49. 

 

A difficulty encountered when working with RE, as the history of the discovery of these 

elements reports, is in the separation between them. This is due to the high chemical similarity 

existing between such elements and their subtle differences with regard, for example, to 

solubility and complex formation. RE elements are commonly classified between ‘light’ and 

‘heavy’, the first group consisting of elements from lanthanum (La) to europium (Eu) (with the 

exception of promethium (Pm)), and the second by those located between gadolinium (Ga) and 

lutetium (Lu). However, despite this ‘classification’, all the constituent elements of this group 

are generally found in the 3+ oxidation state (forming RE3+ or Ln3+ species, in the case of 

lanthanides), and have very close ionic radius values, which leads to simultaneous occurrence 

of more than one RE element in its minerals. Thus, until the mid-twentieth century scientists 

worked exhaustively in an attempt to obtain these elements separately, but only the metals Ce 
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and Eu were obtained with some ease and in significant quantities 12,48. However, the Manhattan 

Project, started in 1939 during World War II, invested a great deal of attention to these elements 

and different separation methods such as ion exchange chromatography were employed in the 

separation of Ln, which made it possible to obtain them in a pure form, and in increasing 

amounts 52,53, thus enabling the development of the chemistry of these elements, until we reach 

what we know today. 

 

1.2.1. Spectroscopic properties of lanthanide ions 

The ground state electron configuration of the neutral Ln elements has the form [Xe] 

6s2, 4fn, 5dx (following the energetic order). The value of n can be comprised between 0 and 14 

(0 ≤ n ≤ 14), and that of x be equal to 1, for the elements La, Ce, Gd and Lu; or equal to 0 for 

the other metals in the series 48,54. As already mentioned, all the constituent elements of the RE 

group are generally found in the 3+ oxidation state, and form oxides of the RE2O3 type 55. 

However, some elements may have 2+ and 4+ oxidation states (less stable than 3+), such as 

Sm2+ ([Xe] 4f6), Eu2+ ([Xe] 4f7), Tm2+ ([Xe] 4f11), Yb2+ ([Xe] 4f14), Ce4+ ([Xe] 4f0), Pr4+ ([Xe] 

4f1), and Tb4+ ([Xe] 4f7). The greater stability found in the 3+ form, for all Ln, is clear in the 

cases of La, Ce, Gd and Lu, since for these metals we have x=1, and, therefore, the removal of 

3 electrons occurs in the 6s and 5d orbitals; the La3+ ion has an electronic configuration equal 

to that of the noble gas xenon, which is the most stable Ln3+ ion found, followed by Gd3+, which 

has partially filled 4f orbitals, and Lu3+ with full filling of these orbitals. In the case of others, 

with a value of x equal to 0, the formation of the trivalent cation leads to a configuration of the 

type [Xe] 4f n-1 after the loss of 2 electrons located in 6s and 1 electron in 4f. The loss of this 4f 

electron, in preference to the more external 5s or 5p orbitals, is explained by the fact that these, 

despite their external character, present greater penetrability to the nucleus, when compared to 

the f orbitals, as can be seen in Figure 9, where we observe that the radial distribution of 

probability for these orbitals, unlike the others represented, do not present maximums close to 

the nucleus. Thus, although 4f electrons are internal in nature, the low penetrability of orbitals 

makes them more ‘available’ when compared to electrons located in 5s or 5p 48,54,56. 
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Figure 9. Generic electronic distribution of the Ln elements, and radial distribution function for the 4f, 

5s and 5p orbitals of the Nd3+ ion 54. 

 

Also, through the illustration represented in Figure 9, where we have the electronic 

distribution and radial distribution functions for the Ln, it is possible to explain the phenomenon 

known as ‘lanthanide contraction’, which deals with the progressive decrease of the atomic and 

ionic radius of these elements to as the atomic number increases. With this increase, there is a 

progressive filling of the f orbital, which is diffuse and, therefore, has less shielding effect to 

the nuclear charge. Consequently, on the electrons more external to those located in the 4f 

orbital, the effective nuclear charge is high, resulting in a more intense attraction on these 

electrons (5s and 5p) and a consequent decrease in the radius. This is one of the effects 

responsible for the high chemical similarity existing between the elements of the series, as 

already mentioned 48. 

Due to the high charge/radius ratio observed in the formed RE cations, these are 

classified as hard acids, according to Person's theory, and therefore bind preferentially to hard 

ligands (bases), forming their complexes 57. Regarding the small size of the ionic radius (which 

are around 80-100 pm), these complexes are commonly formed with high coordination 
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numbers, going through 8-9 and reaching up to 12, and the character of the established bonds 

is predominantly ionic, due to the internal character of the f orbitals 12,48. 

The internal location of these orbitals, despite their low penetrability, will still result in 

a shielding effect of them, in relation to the external environment, by the outermost 5s and 5p 

orbitals (in ionic form), making the 4f orbitals little affected by the ligand field and because of 

this, it presents narrow bands resulting from the f-f transitions in its electronic spectra, contrary 

to what was observed for the metals of the d block, and giving unique characteristics to the Ln 

elements. Another characteristic associated with these metals, and also contrary to what was 

observed for the d block elements, is the non-directional character of the 4f orbitals in relation 

to the assumed coordination geometries which are determined only by steric factors, in order to 

minimize the repulsion between the ligands, mainly due to the fact that, once again, these 

electrons are of an internal character and with a low orbital overlap in the bonds 58,59. 

Due to the fact that the position of the 4f electronic levels of these Ln3+ ions are lightly 

affected by the ligand field, they can be represented in a way that applies to any chemical 

environment, in an almost universal way, through the partial energy level diagrams elaborated 

by Dieke and Carnall 60, and represented in Figure 10. 
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Figure 10. Partial diagram of energy levels for trivalent Ln ions (from Ce to Yb) 60. 
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An electron configuration of a multielectronic system can be represented through a 

spectroscopic term of form (2S+1)LJ, which brings together in a unique way the quantum numbers 

of angular momentum involved in it. As noted in the representation term, these numbers are 

made up of the quantum numbers of total orbital angular momentum (L), total spin (S) and total 

angular momentum (J). The first one, quantum number of total orbital angular momentum, 

represented by L, is the result of the combination of the orbital angular momentum (l) of each 

electron, and can assume integer values of 0, 1, 2, 3... that are represented by the letters S, P, 

D, F... The total spin quantum number, S, consists of the sum of the spins (s) of the electrons, 

and has multiple values of ½. However, in the notation of the spectroscopic term it is 

represented by the multiplicity (2S+1) and, therefore, assumes entire values giving the systems 

the notations singlet (1), doublet (2), triplet (3), etc. Finally, the quantum number of total 

angular momentum, represented by J, is a combination of the others already mentioned, L and 

S, known as spin-orbit coupling (LS) and assuming values from (L+S) to (|L-S|). In the case of 

Ln, this coupling occurs intensely, and, regardless of the ligand field, the terms (2S+1)L are non-

degenerate 58. In Figure 11, we can see the different degrees of disturbances that can act in a 4fn 

configuration. 
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Figure 11. Schematic of the main perturbations under the 4fn configuration and their magnitudes. 

 

The energy levels of a Ln ion, or atom, can be described, in general, by the Schröedinger 

equation: 

                                                                𝐇𝚿 = 𝐄𝚿                                                          Equation 2 

 

For the free ion, the energy levels can be used by a Hamiltonian (H), considering an 

interaction resulting from the central field (H0), the interelectronic repulsion (He-e) and the spin-

orbit interaction (HSO), which give to the form levels (2S+1)LJ, already mentioned, and that can 

be represented as follows: 
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                 𝐇 =  𝐇𝟎  +  𝐇𝐞−𝐞 +  𝐇𝐒𝐎                                Equation 3 

 

The first of them, central-field Hamiltonian, represented by H0, depends on the principal 

and azimuthal quantum numbers and is related to the electronic configuration of the system. 

This one separates the configurations into energies of approximately 105 cm-1, but its 

perturbation does not remove the degeneracy of the 4f configuration, as it has spherical 

symmetry. Taking into account, for each ion, the energies of the possible electronic 

configurations, H0 can be described as: 

                                            𝐇𝟎 = −
ħ𝟐

𝟐𝐦
∑ 𝛁𝐢

𝟐
𝐢 − ∑

𝐳𝐞𝟐

𝐫𝐢
        Equation 4 

 

As the central field Hamiltonian is disturbed due to interelectronic repulsion (He-e) and 

spin-orbit coupling (HSO), the free ion Hamiltonian (HIL), in turn, is given by: 

                                                       𝐇𝐈𝐋 =  𝐇𝟎 +  𝐇𝐞−𝐞 +  𝐇𝐒𝐎         Equation 5 

 

The term that represents the system's interelectronic repulsion, He-e, since it is a 

multielectronic case, is responsible for removing the degeneracy of the configuration, 

generating the terms (2S+1)L, which are separated by approximately 104 cm-1 in energy. He-e is 

described in terms of Racah's parameters and takes the form: 

                                              𝐇𝐞−𝐞 =  ∑
𝐞𝟐

𝐫𝐢𝐣
𝐢>𝐣=𝟏 ∑

𝐞𝟐

𝐫𝐢𝐣
𝐢>𝐣=𝟏          Equation 6 

 

Finally, the spin-orbit coupling (HSO), which removes the degeneracy of the (2S+1)L 

levels, generating the levels (2S+1)LJ, in relation to the (2S+1) J components and separated by 

energies of approximately 103 cm-1, is described by: 

                                               𝐇𝐬𝐨 =  ∑ 𝛏(𝐫𝐢)(𝐥𝐢. 𝐬𝐢
𝐧
𝐢=𝟏 )         Equation 7 

 

After insertion into a ligand field, the symmetry adopted by the Ln ion is no longer 

spherical. The degeneracy of the levels (2S+1)LJ is broken down into (2J+1) components, 

depending on the medium occupied, generating the levels (2S+1)LJm, and these generated levels 

are called Stark components and separated by energies of approximately 102 cm-1. When the 

value of J is an integer (in which case the number of electrons located in the 4f orbital is an 
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even number) the degeneracy is 2J+1, in the case of semi-integer values of J (odd number of 

electrons) it is 2J+1/2. Thus, adding the Hamiltonian that describes the free ion (HIL) to the 

term HCL that describes the occupied ligand field, we have the description of the system through 

the Hamiltonian H, in the form 58: 

                                                                    𝐇 =  𝐇𝐈𝐋 +  𝐇𝐂𝐋                              Equation 8 

 

Based on the fundamental information to understand the (2S+1)Lj notation, which 

describes an electronic state of a multielectronic system, as already mentioned, we will now 

deal with the luminescence phenomenon (or photoluminescence, more specifically) resulting 

from the transition between two of these states. 

Luminescence could be defined as the photon emission resulted from electronic 

transition between excited levels and low energy states. This process can occur as a result of 

different kinds of excitation process that are reflected in the expressions photo-, chemo-, tribo-

, fractoluminescence, among others. Photoluminescence, for example, occurs when the source 

of excitation is photons. And generally, luminescence processes are classified in books with 

respect to the nature of the electronic transitions involved, as fluorescence and phosphorescence 

61. 

Taking into account the (2S+1)Lj notation, the first condition for a transition between two 

states to be allowed is the conservation of the total angular momentum, that is ΔJ=0, +/-1. 

Furthermore, the total spin must be conserved, and then ΔS=0, while the total angular 

momentum must be ΔL=0, +/-1. Finally, with respect to the parity of the wavefunctions of their 

final and initial states, an electric dipole transition will be allowed if there is a change in these 

parities, a condition known as the Laporte rule 61. 

Another important concept that should be mentioned when talking about luminescence 

is the so-called Stokes shift, which is nothing more than the observed difference between the 

absorption and emission maxima. The magnitude of this shift may be associated with the nature 

of the chemical environment and the structural characteristics of the species involved 61. 

For Ln ions in centrosymmetric sites, transitions by an electric dipole mechanism 

between the different levels of the 4fn configurations are prohibited by parity and, in some cases, 

by spin. However, there are several f-f transitions that have greater intensities than expected 

whereas they are prohibited. Thus, in the second half of the 20th century, Judd and Ofelt 

independently proposed that the f-f transitions must occur through a forced electric dipole 



State-of-the-Art 
 

Pugina, R. S. 

 

44 

mechanism. They proposed a theory where they consider the environment around the central 

ion to be a static disturbance to this free ion, while the interactions between electrons located 

in different configurations are negligible. With this, from the approximations and 

considerations suggested by the Judd-Ofelt theory, new selection rules emerge for the J↔J’ 

transitions observed in Ln ions and are described as: ΔS=0, Δl=+/-1, ΔL≤2l and ΔJ≤2l (that 

is, for f-f transitions, ΔL≤6), and, finally, if J=0, J’ is pair, while if J’=0, J is pair 55,58,62. 

The group of RE elements present a great versatility regarding possible applications. In 

Table 4, some relevant information for Ln3+ ions is summarized, and Figure 12 represents the 

emission profile for complexes formed by some of these ions. 

 

Table 4. Atomic radius, electronic configuration, main excited states, end states, approximate 

wavelengths of the most intense emission lines, and their regions, for the main trivalent ions 56 

 

Ln3+ 

 

ATOMIC 

RADIUS 

 

ELECTRONIC 

CONFIG. 

 

EXCITED 

STATE 

 

END STATE 

 

λ (nm) 

 

EMISSION 

 

Pr3+ 

 

101 pm 

 

[Xe] 4f2 

1G4 
3HJ (J=4-6) 1300 NIR 

1D2 
3FJ (J=2-4) 890,1060 NIR 

3P0 
3HJ (J=4-6) 525-680 Orange 

Nd3+ 100 pm [Xe] 4f3 4F3/2 
4IJ (J=9/2-15/2) 1060 NIR 

Sm3+ 96 pm [Xe] 4f5 4G5/2 
6HJ (J=5/2-15/2) 590 Orange 

Eu3+ 95 pm [Xe] 4f6 5D0 
7FJ (J=0-6) 620 Red 

Gd3+ 94 pm [Xe] 4f7 6P7/2 
8S7/2 312 UV 

Tb3+ 93 pm [Xe] 4f8 5D4 
7FJ (J=6-0) 550 Green 

Dy3+ 91 pm [Xe] 4f9 4F9/2 
6HJ (J=15/2-5/2) 570 Yellow 
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Ho3+ 

 

89 pm 

 

[Xe] 4f10 

5F5 
5IJ (J=8-4) 970, 

1450 

NIR 

5S2 
5IJ (J=8-4) 540 Green 

 

Er3+ 

 

88 pm 

 

[Xe] 4f11 

4S3/2 
4IJ (J=15/2-9/2) 550 Green 

4I13/2 
4I15/2 1530 NIR 

Tm3+ 87 pm [Xe] 4f12 1G4 
3Hj (J=6-4) 450 Blue 

Yb3+ 86 pm [Xe] 4f13 2F5/2 
2F7/2 980 NIR 

 

 

Figure 12. Representation of the emission profile and characteristic regions for some Ln ions 63. 

 

Now, we will focus more specifically on the Ln3+ ions that were used in the development 

of materials during the execution of this work, in addition to the special case, the Eu3+ ion, 

widely used as a structural probe and in the development of phosphors. 

 

1.2.1.1. The Eu3+ ion – a particular case 

Europium is the seventh element in the Ln series, with an atomic number of 63 and a 

molar mass of 152 g/mol. The trivalent ion features electronic configuration [Xe] 4f6, and its 
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emissions provide important commercial applications as they are widely applied in the 

production of phosphors64. 

The energy level diagram for the Eu3+ ion is represented in Figure 13, and it is a 

consequence of the central field interaction (H0), the interelectronic repulsion (HRE), and the 

spin-orbit interaction (HSO). The emissions commonly observed in the emission spectra of this 

ion consist of a set of lines in the red region, being assigned the transitions 5D0 → 7FJ (J=0-6), 

represented by the arrows pointing downwards 59. 

 

 

Figure 13. Partial diagram of energy levels for the Eu3+ ions and its 5D0 → 7Fj transitions in visible 

region.  

 

In addition to its technological importance, the characteristic transitions of the Eu3+ ions 

are also of great importance in the study of the spectroscopic characteristics of all the Ln ions, 

besides to being used in the study of the chemical environment in which the ion is inserted. This 

is possible because the emission level 5D0 is not degenerated, and the band relative to the 5D0 

→ 7F1 transition occurs by magnetic dipole (MD) mechanism and, therefore, its intensity does 
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not depend on the crystalline field, so it could be used as a standard for intensity studies. The 

other bands occur by electric dipole (ED) mechanisms and are therefore dependent on the 

crystalline field. This fact exclusive to Eu3+ allows obtaining emission parameters for the 

studied systems, such as spontaneous emission coefficient and radiative lifetime, from the 

emission spectrum, taking the MD’ transition as a reference; in addition to enabling the 

determination of the symmetry site of the ions, making the Eu3+ ion a structural probe 59. In the 

emission spectrum represented in Figure 14, it is possible to observe the bands resulting from 

the transitions 5D0 → 7FJ (J=0-4).  

 

 

Figure 14. Luminescence spectrum [Eu(tta)3(phen)] (λex=396). All the transitions start from the 5D0 state 

59. 

 

Table 5 presents an overview of the transitions observed in luminescence spectra of Eu3+ 

compounds, and its main information 59. 
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Table 5. Overview of the transitions (only starting from 5D0 level), ED: induced magnetic dipole 

transition and MD: magnetic dipole transition, observed in luminescence spectra of Eu3+compounds 59 

 

Transition 

 

Dipole 

Character 

 

Wavelength 

Range (nm) 

 

Relative 

Intensity 

 

Remarks 

 

5D0 → 7F0 

 

ED 

 

570-585 

 

very weak to 

strong 

only observed 

in Cn, Cnv and 

Cs symmetry 

 

5D0 → 7F1 

 

MD 

 

585-600 

 

strong 

intensity largely 

independent of 

environment 

 

 

5D0 → 7F2 

 

 

ED 

 

 

610-630 

 

strong to very 

strong 

hypersensitive 

transition, 

intensity very 

strongly 

dependent on 

environment 

 

5D0 → 7F3 

 

ED 

 

640-660 

very weak to 

weak 

forbidden 

transition 

 

 

5D0 → 7F4 

 

 

ED 

 

 

680-710 

 

medium to 

strong 

intensity 

dependent on 

environment, 

but no 

hypersensitive 
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5D0 → 7F5 

 

ED 

 

740-770 

 

very weak 

forbidden 

transition 

 

5D0 → 7F6 

 

ED 

 

810-840 

very weak to 

medium 

rarely measured 

and observed 

 

Thus, the association of experimentally obtained spectra with theoretical data on each 

of the observed transitions can be a tool to determine the symmetry of the coordination 

environment in which the Eu3+ ion is inserted. 

 

1.2.1.2. The Nd3+ ion – an important element for LASER studies  

Neodymium is the element located in the fourth position of the Ln series, has an atomic 

number of 60 and a molar mass of 144 g/mol. The trivalent ion features an electronic 

configuration [Xe] 4f3. This element is mainly used in the manufacture of magnets and solid-

state lasers 10,65. Its electronic states and main emissions, in Nd3+ form, are shown in the energy 

diagram in Figure 15. 

 

 

Figure 15. Partial diagram of energy levels for the Nd3+ ion. 
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The wide application in laser systems is due to the fact that Nd3+ has four energy levels, 

which facilitates the population inversion process because the lowest energy state of the laser 

transition is not the ground state of the ion, associated with absorption bands in the near infrared 

region (4I9/2 → 4Fj) and high emission efficiency for the 4F3/2 → 4I11/2 laser transition 12, shown 

more clearly in Figure 16. 

 

 

Figure 16. Partial diagram of energy levels for the Nd3+ ion. Focus on laser transition.  

 

Besides being widely used for conventional lasers, Nd3+ ions in different matrices have 

been exploited as the gain medium for RLs, as reviewed in 39,66 and exploited in different 

matrices 67–69. As already mentioned, the Nd3+:YAG laser has over 50 years of history 10, it has 

been the most commonly used material in commercial solid-state lasers because it combines 

the advantageous properties of the YAG matrix and the inserted Nd3+.  

Moreover, 4F5/2 → 4I9/2 and 4F3/2 → 4I9/2 transitions (thermally coupled) have been 

widely studied in systems for measuring temperature 13,70–72. This, together with the fact that 

this ion can be excited and emit within spectral regions called biological windows, makes it an 

important tool that provides information about the local temperature in tumor treatments 73, for 

example. 
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1.2.1.3. Yb3+/Er3+ and Yb3+/Tm3+ ions – important pairs for the up-conversion energy 

process  

The element ytterbium is the penultimate element of the Ln series, has an atomic 

number of 70 and a molar mass equal to 173 g/mol. The Yb3+ ion has an electronic configuration 

[Xe]4f13 and, therefore, it presents only one possible intra f-f transition, represented by 2F7/2 → 

2F5/2, which occurs via excitation at 980 nm, as shown in Figure 17. The element erbium 

occupies the eleventh position in the Ln series and has an atomic number of 68 and a molar 

mass of 167 g/mol. Er3+ ion, in turn, with an electronic configuration [Xe]4f11, presents intra f-

f transitions in the visible and infrared regions. The latter, represented by 4I13/2 → 4I15/2, as shown 

in Figure 17 also, occurs at 1500 nm and is widely exploited in telecom 74 and also for systems 

aimed at biological applications 75. 

 

 

Figure 17. Partial diagram of energy levels for the Yb3+ and Er3+ ions, showing Er3+ ions emissions in 

the visible and infrared regions. 

 

Due to the high absorption cross-section that the Yb3+ ion presents (11.7x10−21 cm2 

about ten times greater than that of the Er3+ ion- 1.7x10−21 cm2 76) for radiation in the 980 nm 

range, the Yb3+ is more effectively excited by these photons. Thus, in systems co-doped with 



State-of-the-Art 
 

Pugina, R. S. 

 

52 

the Yb3+/Er3+ pair, under excitation at 980 nm, the Yb3+ ions are more effectively excited (2F7/2 

→ 2F5/2), being able, in the sequence, to transfer energy to the Er3+ ions (which can also absorb 

energy under excitation at 980 nm) that will emit in the visible spectral region (by 2H11/2 → 

4I15/2, 
4S3/2 → 4I15/2 and 4F9/2 → 4I15/2 transitions) via Up-Conversion (UC) processes 77. 

During UC, a higher-energy photon is emitted by conversion of two or more lower-

energy photons. The emission mechanism involves sequential photon excitation, which can 

occur through two fundamental mechanisms: ESA (Excited-State Absorption) and ETU 

(Energy Transfer Up-conversion). In the ESA mechanism, an ion is excited through the 

sequential absorption of two photons where, first, a photon is absorbed and promotes it to an 

excited metastable state. This state has a relatively long lifetime, allowing the absorption of one 

more photon and, as a consequence, the promotion of the ion to a higher energy state. Later, the 

return to the ground state occurs with the emission of a photon of higher energy than the 

absorbed one. In the case of Er3+ ions, the metastable excited state is 4I13/2, and the highest 

energy states that can be populated in the sequence are 2H11/2, 
4S3/2 and 4F9/2. On the other hand, 

in the ETU mechanism, two distinct ions interact. A sensitizer ion that absorbs most of the 

photons, and an activator or emitter ion, which receives the energy from these absorbed photons 

in a non-radiative way 78. 

ETU is the most efficient mechanism and is usually observed in systems co-doped with 

the Yb3+/Er3+ pair, where Yb3+ ions sensitize Er3+ ions which are the activators. This is possible, 

as already mentioned, because Yb3+ ions have larger absorption cross-section, so they are more 

effectively excited with 980-nm radiation (2F7/2 → 2F5/2), subsequently transferring energy to 

Er3+ ions, which will emit in the visible spectral region via 2H11/2 → 4I15/2, 
4S3/2 → 4I15/2 and 4F9/2 

→ 4I15/2 transitions (Figure 18) 79. 
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Figure 18. Partial diagram of energy levels for the Yb3+ and Er3+ ions, showing the UC mechanism and 

focus for thermally coupled levels 2H11/2 and 4S3/2. 

 

Through this process, many applications are possible, for example, biomedical 

applications such as biosensory, imaging and theranostics 80; in the development of displays 

and photonic devices 81 that can be used as sensors 82, in solar cells technology 83, in biosafety 

84, among others. Furthermore, their excited levels 2H11/2 and 4S3/2 are energetically close (as 

also showed in Figure 18), so they can be classified as thermally coupled levels; that is, under 

980-nm laser excitation, UC emissions sensitive to temperature changes can be achieved 13, as 

previously demonstrated 85–87 and will be better discussed next. 

In turn, the element thulium is located between erbium and ytterbium elements, has an 

atomic number of 69 and a molar mass of 167 g/mol, and in Tm3+ present an electronic 

configuration [Xe]4f12. The partial diagram of energy levels for the Tm3+ ions, showing 

emissions in the ultraviolet, visible, and NIR regions, is shown in Figure 19. 
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Figure 19. Partial diagram of energy levels for the Tm3+ ions, showing emissions in the ultraviolet, 

visible, and NIR regions. 

 

Tm3+ ions present transitions in the visible and in the NIR regions by UC process 

(previously described) under excitation at 980 nm in the presence of another Ln ion, Yb3+ which 

has also been described. In this process, the electrons in ground state of the Tm3+ ions (3H6) can 

be excited to the highest energy state 3H5 by ETU mechanism, described by 3H6 (Tm3+) + 2F5/2 

(Yb3+) → 3H5 (Tm3+) + 2F7/2 (Yb3+) 78. In sequence, the Tm3+ ions can non-radiatively decay to 

the 3F4 level, and, the same ions in this same level can absorb another photon of excited Yb3+ 

ions, and then get to the 3F2,3 level. From this level, the 3F2,3 → 3H6 transition (~ 706 nm) can 

occur, or else, the electrons can go to the level 3H4, that in turn can be excited at the 1G4 level 

by 3H4 (Tm3+) + 2F5/2 (Yb3+) → 1G4 (Tm3+) + 2F7/2 (Yb3+). In summary, by the union of the 

Yb3+/Tm3+ pair under 980 nm excitation, it is possible to observe bands around 477, 650 and 

800 nm, referent to 1D2 → 3H5, 
1G4 → 3F4, and 3H4 → 3H6 transitions, respectively (Figure 20). 

The last one is more intense due to the fact that the mechanism involved is only for 2 photons, 
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whereas the transition situated in blue region occurs by a mechanism that involves 3 photons 

88.  

 

 

Figure 20. Partial diagram of energy levels for the Yb3+ and Tm3+ ions, showing the UC mechanism. 

 

In this way, the observation of the blue color emitted in materials doped with Tm3+ ions 

under 980 nm excitation is less common, and this fact can be used as an anti-counterfeit device 

88–91. The needs and applications of anti-counterfeiting systems are many, once security has 

become indispensable, especially with regard to respect to official documents, as the 

falsification of documents violates copyright laws and causes huge losses 92. As new 

technologies emerge, the need to develop systems able to stopping counterfeiting increases. In 

this way, devices that can help differentiate originals from counterfeit materials are an excellent 

alternative. In the development of these devices, the use of luminescent process has gained more 

attention, especially those prepared from Ln ions that can present the UC process 89,93. 

Hereupon, a self-supported and flexible material was prepared in this work in the presence of 

Tm3+ ions, and has the potential to be applied as one of these devices, as will be presented in 

the results section. 
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1.3. Photonic and its Elements   

Imagining our day-to-day life without light is practically impossible, since life on Earth 

is directly related to it and to the countless phenomena generated by its interaction with matter. 

In fact, the light has a central role in humanity development, and the science takes advantages 

of photon energy for developing new analysis, new sensor, so it becomes very important from 

medicine field to telecom. And it is not an overkill to say that the humanity is in the Photonic 

age. Specifically, the Photonic definition is “the science that makes it possible to generate, 

detect, transmit, modulate and amplify light”. Another common definition is through an analogy 

with electronics, since, in general, photonics uses the photon quantum unit to play roles that, 

traditionally, were within the domain of electronics through electrons 94. 

Photonics is present in several fields of our daily lives, such as lighting, light detection, 

information processing, telecommunications, spectroscopy, medicine (such as vision correction 

surgeries, endoscopies and other health monitoring), from supermarket barcode readers to 

military technologies, visual arts, robotics and agriculture. These applications are only possible 

thanks to the light's ability to interact with the matter. In 1917, Einstein proposed the 

explanation for the basic interaction between electromagnetic radiation and atoms 95. In his 

work, three different mechanisms were proposed by which matter and photon can interact: 

absorption, spontaneous emission and stimulated emission, represented as I, II and III, 

respectively, in Figure 21. 

 

 

Figure 21. Representative diagrams of the processes of (I) absorption of a photon by an atom in the 

ground state, (II) spontaneous emission of a photon by an atom in the excited state, and (III) stimulated 

emission through a photon over atom in the excited state. 

 

Let us consider E1 and E2 as two possible energy states for an atom, where E represents 

the energy value of these states, and E2>E1. When this atom absorbs an amount of energy equal 
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to ΔE= E2-E1, it is promoted from the E1 (ground) state to the E2 (excited) state, by the process 

we call absorption (Figure 21, I). After a certain time (called the excited state lifetime), this 

atom returns to its ground state, E1, releasing the energy it had absorbed. This release can occur 

non-radiatively (ie, as heat), or radiatively through photon emission (of frequency hν). We call 

this process spontaneous emission (Figure 21, II), since the atom decays spontaneously. 

Finally, in the third process, if an atom like the one described is immersed in a radiation field, 

the change of states between E1 and E2 can occur by energy transfer from the electromagnetic 

field to the system, which is classified as a change of radiation-induced state. In this case, 

stimulated emission occurs, as a photon with energy equal to ΔE interacts with an atom that 

already has electrons occupying the E2 state and promotes the decay of this electron to E1 via 

the emission of a ‘stimulated’ photon, which has properties identical to of the incident photon 

(Figure 21, III). The operation of lasers, which will be discussed further below, is based on this 

principle 95,96. 

In addition, light can still interact with matter by a process known as scattering. When, 

only its direction is changed while its amplitude is maintained, and also, the scattering process 

does not change the frequency (the energy was conserved), this process is called elastic 

scattering 97,98. To characterize the scattering phenomena, we must first evaluate the scattering 

medium, which can be classified as homogeneous or heterogeneous, both on an atomic and 

macroscopic scale. In the case where the scattering medium is the atoms present in that medium, 

they act as microscopic electric dipoles, scattering the radiation and, due to their reduced 

dimensions and spacing compared to the wavelength (λ), the scattered field has the same 

characteristics of the incident field, except for the reduced speed (v) compared to the speed of 

light in a vacuum (c). In this case, the interaction is described by the refractive index (n): 

                                                        𝐧 =  
𝐜

𝐯
                                                 Equation 9 

 

and the medium is considered homogeneous. Conversely, in the case where the scattering 

properties of the medium are not uniform at distances of the order of λ or greater, the medium 

is considered heterogeneous 97. 

Considering a medium composed of scattering particles, these interact in different ways 

with light, depending on their size, shape and composition. When considering their sizes, three 

different types of scattering can occur: Rayleigh, Mie and geometric. Before describing them, 

we must take into account two parameters that are of great relevance for the characterization of 
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the scattering phenomenon: the size of the scattering particle (x), and the relative refractive 

index (m), described, respectively, by: 

                                                         𝐱 =  𝐤⍺ =
𝟐𝚷𝛈⍺

𝛌
                                     Equation 10 

                                                                 𝐦 =  
𝛈𝟏

𝛈
                                          Equation 11 

where ⍺: radius of the particle, and η and η1: refractive indices of medium and scatterer, 

respectively 97.  

The scattering of light caused by the atoms that make up the system, as already 

mentioned, is a classic type of Rayleigh scattering, which describes the scattering of light by 

particles much smaller than the wavelength of incident radiation (x, mx<<1), which is the case 

for atoms and molecules 99. This type of scattering is also observed in the atmosphere, being 

responsible for the predominance of the blue color in the sky and the appearance of the red 

color at sunset. When the scattering particle has a size comparable to the wavelength of the 

incident light (x≈1), we call the phenomenon Mie scattering. This type of scattering is handled 

by solving form of Maxwell's equations with appropriate boundary conditions, and can only be 

solved exactly for certain simple formats such as spheres and cylinders. Finally, for scatterers 

much larger than the wavelength of the radiation incident (x, mx>>1), geometric optics are 

used to determine the propagation intensity. Using appropriate corrections depending on the 

character of the radiation, geometry optics treats light as a beam, in a simplified way, and can 

be used, for example, to explain the appearance of the rainbow 97.  

The intensity of scattering by particles can be expressed in terms of the scattering cross 

section (σs) that is defined as the ratio of the power removed by scattering the incident beam 

intensity per unit of area: 

                                      𝛔𝐬 =  
𝐭𝐨𝐭𝐚𝐥 𝐞𝐧𝐞𝐫𝐠𝐲 𝐬𝐜𝐚𝐭𝐭𝐞𝐫𝐞𝐝 𝐩𝐞𝐫 𝐬𝐞𝐜𝐨𝐧𝐝

𝐢𝐧𝐜𝐢𝐝𝐞𝐧𝐭 𝐞𝐧𝐞𝐫𝐠𝐲 𝐩𝐞𝐫 𝐦𝟑 𝐩𝐞𝐫 𝐬𝐞𝐜𝐨𝐧𝐝
                    Equation 12 

 

In simple light scattering, it is assumed that in a medium containing N scattering 

particles, the total scattered intensity is N times the intensity spread by a single particle 97. 

Now, after discussing the phenomena arising from the interaction between light and 

matter, principles that enable multiple applications within the photonics field, we will discuss 

in more detail about conventional and random lasers. At the end of this topic, we will talk about 
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temperature measurement via light-stimulated processes (thermometry via UC) as well as the 

possibility of developing anti-counterfeiting systems based on the same principles. 

 

1.3.1. LASER 

The word LASER is an acronym for Light Amplification by Stimulated Emission of 

Radiation, and refers to devices that produce intense, coherent, highly directional, 

monochromatic light beams, commonly used as a light source in photonic materials 100. Since 

it was first demonstrated in 1960 for a ruby crystal-based system 101 the laser has developed 

rapidly and the number of applications is very broad. A common laser consists of an active 

medium and a set of mirrors for light feedback to the active medium, enabling a continuous 

beam amplification and the excitation power above the threshold, Figure 22. 

 

 

Figure 22. Schematic of the basic components of a conventional laser.  

 

The active medium can consist of solids, liquids or gases, provided that its atoms, 

molecules or ions have electrons at metastable energy levels able of undergoing stimulated 

emission. The two parallel mirrors, one 100% reflector and the other partial reflector, constitute 

the known optical cavity, a system that reflects the photons allowing them to pass through the 

active medium several times, creating the necessary conditions for stimulated emission occurs 

predominantly in relation to spontaneous emission and thus resulting in beam amplification. 

Then, the intensity will increase a lot until the partially reflecting mirror allows the photon beam 

to escape from the cavity, so, the laser beam. This is the most common feedback mechanism 
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used in conventional lasers. The pumping process can occur by different methods, such as 

optical pumping by another laser or a lamp, chemical reaction, electric current, among others. 

It must provide the necessary energy to populate the metastable levels of the active medium, 

thus creating the necessary conditions for light amplification 97,102,103. 

Due to the phenomenon of stimulated emission that is the responsible for the 

amplification of light in lasers, an excited electron from the active medium generates a dipole 

moment that interacts resonantly with the field of electromagnetic radiation, intensifying the 

field while preserving its phase and wave vector. With this, the interaction of the excited species 

with the radiation induces a decay that generates an additional photon with the same properties 

as the incident field, that is, the incident photon is “copied” 97. With this process occurring 

throughout the material, a high number of photons is generated in a short time, resulting in an 

avalanche of photons of the same frequency, phase, polarization and, mainly, the same 

propagation direction, characterizing a beam laser 98. However, for this process and the gain to 

occur, excited electrons must be available which means that most of species must be in the 

excited state rather than in the ground state of the transition. This process is known as 

population inversion. Another important point, for the stimulated emission to occur, an initiator 

photon is required. The amplification of the radiation emitted in a cavity will occur, via 

stimulated emission, only if the gain at a certain frequency compensates for the losses. This 

condition is called laser threshold. In a simplified way, at low pumping rates, the population of 

the excited state is low and the radiation cannot be amplified because the intensity is lost faster 

than it is generated and then the spontaneous emission will be dominant. At high pump rates, 

the population inversion takes place, and that process compensates for cavity losses and, due to 

field strength, most species do not have time to spontaneously decay before being induced to 

decay by the incident field. The pump rate that limits these behaviors is known as the threshold 

pump rate 97,98.  

The beginning of the exploration of photonics as a field of study is blended with the 

history of the laser, which as mentioned, was first demonstrated by Theodore Maiman 101, who 

built this laser using a ruby monocrystal as an active medium and a high-speed flash lamp power 

as a pump source. This device, illustrated in Figure 23, is a conventional three-level laser, where 

the ruby crystal acts as an active medium due to the chromium ions (Cr3+) present in corundum 

structure. 
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Figure 23. (left) Schematic illustration of the ruby laser with its components and (right) its three-level 

diagram (Cr3+ ions) 104. 

 

In this three-level system, Figure 23, where E1, E2 and E3 are, respectively, the ground, 

intermediate excited (metastable), and higher energy excited states from Cr3+ ions, the pump 

source promotes electrons from E1 (4A2) to E3 (4T1 and 4T2 levels). These excited states have 

relatively short lifetimes and, as a result, the excited electrons decay non-radiatively to the E2 

(2E) level. Naturally, spontaneous emission 2E → 4A2 (E2 → E1) occurs and as a result emitting 

a photon. However, as the E2 level has a relatively long lifetime and the system is pumping, 

more species will be populated in the E2 level, which is accompanied by a reduction in the 

population of the fundamental level, promoting the phenomenon of population inversion. As 

soon as an emitted photon moves across the crystal, this one interacts with the excited Cr3+ ions 

stimulating it to emit another photon, producing the cascade of photons that moves along the 

crystal. If this beam is perpendicular to the parallel mirrors, it will be reflected several times 

and stimulating further emissions rapidly, until the laser beam is strong enough to emerge 

through the partially reflective mirror 101,104. 

A few years after the ruby laser demonstrations, the Nd3+:YAG laser was discovered 10 

and is currently the most commercially used solid-state laser. This device has a unique 

combination of laser-friendly properties because YAG is a colorless, optically isotropic crystal, 

and its refractive index does not depend on the direction of light or its polarization. Its cubic 

structure favors a narrow luminescence bandwidth from dopant ions, which results in high gain 

with low threshold in laser emission. In addition, YAG is a hard matrix, with good optical 

quality and with high thermal conductivity to dissipate the heat produced in the laser action. On 

the other hand, Nd3+ ions have received great attention due to the low threshold and high 

efficiency presented in a wide variety of matrices. These ions are widely used as active laser 

media, as they have four energy levels related to efficient absorption bands in the near-infrared 
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region, and very high emission efficiency, especially for the laser transition 4F3/2 → 4I11/2 
10,39, 

as described earlier in this work (Figure 20). In addition, the 4I11/2 level is not the ground one, 

so the population inversion is achieved at lower pumping fluency. This is why it is an advantage 

to use Nd3+ ions on laser studies in several kind of materials 12. 

In the same decade of ruby and Nd3+:YAG lasers development, a laser dye was 

presented by Sorokin and Lankard 105, through the observation of stimulated emission from the 

organic molecule chloroaluminium phthalocyanine. Since, laser dyes have gained importance 

in use as tunable sources of coherent radiation due to their operational flexibility. In addition, 

the high gain and wide emission bands allow these systems to work both in the pulsed and 

continuous regimes, their main characteristic being the wide range of frequencies they emit 98. 

The use of these systems, which is generally an organic molecule with conjugated double bonds, 

is justified by the high gain and pumping efficiency that it presents as a function of the high 

absorption and emission shock section and high quantum fluorescence efficiency. These 

molecules still have the advantage of being a system composed of four levels, as shown in 

Figure 24. 

 

 

Figure 24. Energy scheme of a laser dye molecule 97. 

 

Both ground states S0 and the first excited state S1 are composed of multiple vibrational 

states. The pump source (frequency ωp) is absorbed and raises the molecule to a high vibrational 

level S1. After relaxing, this electron decays to a lower S1 level (with a short lifetime). Then, 

this electron decays to the highest energy S0 level followed again by quick vibrational 
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relaxation. This process allows population inversion and, consequently, the emission of a beam 

with laser characteristics. The active media most frequently employed have been those 

involving solutions of the dye in an organic solvent 97. 

 

1.3.1.1. Random LASER 

In a Random LASER (RL), unlike what happens in conventional lasers, the feedback 

process is not generated by an optical cavity composed by two static mirrors. In fact, the cavity 

is replaced by multiple scatterings (Figure 25), produced by a disordered medium or by random 

refractive index variations in the medium, and this process provides the amplification of light. 

 

 

Figure 25. The feedback mechanism in a RL system 106. 

 

In addition to the absence of the conventional optical cavity, RLs also do not present the 

same spatial coherence as conventional systems and the amplified emission leaves the material 

in all directions. However, the stimulated emission is responsible for the light amplification, 

which leads to the observation of narrow emission peaks and the characteristic laser threshold, 

and also, with a temporal behavior of the stimulated process. Furthermore, the emission present 

optical modes above threshold, which classify it as laser and the use of such nomenclature is 

justified 97,106,107. 

In RL regime, the pump energy is absorbed by a gain medium and the excited species 

in this medium emit a photon by spontaneous emission, this could be amplified by stimulated 

emission as it moves across the length of the material. Multiple scattering increases the pathway 
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that this photon travels and promotes the feedback of light. Consequently, this photon will be 

kept in the amplifying region of the material 95. An important point is, to observe a laser 

emission, gain needs to overcome loss. Therefore, the gain depends on how long the light lies 

inside the amplifying medium, while the loss depends on how easily the light “escapes”. For 

example, in a RL formed by spherical scattering particles (radius equal a), the gain is 

proportional to the particles volume (4 π a3/3) and the loss will be proportional to particles 

surface area (4 π a2). Then, when increasing the volume, the probability of the emitted photon 

to stay a longer time in the amplifying medium increases, and it is possible to reach a condition 

where the gain surpass loss and the system starts to lasing 106. 

There are two different classes of the RL structure systems: (I) which the scattering 

particles constitute the active medium 108 and (II) another one in which the scattering particles 

are incorporated into the active medium 109. In the particular case of Nd3+ doped materials or 

other active micro or nanoparticulated material, the gain and scatter can occur simultaneously, 

leading to multidirectional laser emission. 

The history of RLs begins in mid-1968, when Letokhov stated that the combination of 

multiple scattering and light amplification would lead to a type of laser action 110, that proposal 

was at cutting-edge knowledge, because scattering was a problem in laser systems, as it removes 

photons in conventional ways from the cavity. However, only in 1986, that stimulated emission 

was observed for the first time in Markushev’ work with sodium lanthanum molybdate powders 

111. Seven years later, Gouedard pumped hydrated neodymium chloride powders (NdCl3·6H2O) 

under nanosecond laser pulses at room temperature, and observed a drastic decrease in the 

lifetime emission pulse and emission spectral line above the pumping threshold 112. In this 

experiment, NdCl3·6H2O acted simultaneously as an emitter and a scattering medium. One year 

later, Lawandy clearly observed random laser emission from a solution of Rhodamine 640 (laser 

dye) in methanol with TiO2 microparticles in suspension 113. In this case the dye acted as an 

active medium excited by the pulses of a laser and the TiO2 particles acted as scatters. In this 

work, it was observed that above a pump threshold, the full width at half maximum of the 

emission peak was decreased and the emitted pulse intensity increased as a function of pump 

power. Furthermore, an increase in the concentration of TiO2 particles produced a reduction in 

the threshold, which indicated that scattering was responsible for the feedback that occurs in 

the system. 

According to the feedback mechanism, RL can be divided into two categories, called 

incoherent and coherent. When the active medium's scattering length (L) is longer than the 
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photon's free path (ls), and this pathway, in turn, is longer than the emission wavelength (λ), a 

situation described as: λ < ls < L and represented by the red arrows in Figure 26-(b), the 

propagation of light is diffused and, the interference contributes negligibly to a special 

resonance, which is called incoherent. In contrast, if the photon free path (ls) and the emission 

wavelength (λ) have the same order of magnitude (ls ≈ λ, green arrows in Figure 26-(b)) a 

photon localization occurs within the structure, and the feedback is coherent. In the first case 

(incoherent), the feedback promoted by scattering only returns part of the photons to the 

material and not to their original position, removing any spatial resonance. In the second case, 

the disordered nanostructures trap light in closed cycles, promoting coherent feedback and 

generating interference effects that result in fine peaks that appear in the emission band (spikes). 

The appearance of spikes is a fundamental feature to differentiate the incoherent from the 

coherent regime, since it is present only in the second case, due to the recurrent longitudinal 

modes of the system (Figure 26-(c)). 

 

 

Figure 26. Operating principle of the laser in a (a) conventional cavity and in a (b) random medium 

with incoherent feedback (red arrows) and coherent feedback (green arrows); and (c) illustration of the 

emission spectra of a conventional and random lasers where the ‘spikes free’ corresponds to the laser 

with incoherent feedback while the spectrum with spikes corresponds to the coherent feedback 107. 
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As scattering increases the path traveled by light, generating amplification in a smaller 

system, the reduced size is one of the great advantages of RL. These devices can also have 

different shapes, to be optimized according to the application. Still as a consequence of their 

size, RLs can be integrated with other devices and applied in vivo, as biomarkers or in the 

treatment of certain diseases, for example. The random distribution of scatterers can generate a 

unique emission pattern for each system, such as a bar code, thus enabling its use as a security 

device. Furthermore, RLs are considered low-cost systems, as they do not need to have the same 

optical quality as a crystal and can be obtained from a wide range of materials, many of them 

with lower commercial values than those used in conventional lasers 106,107,114. With this, a wide 

variety of RL systems has been developed, using semiconductor powders 115, in the form of 

fibers 116, through the use of SiO2 particles and dyes 117, based on quantum dots 118, crystal 

liquids 119, biological materials 120, among others. 

As mentioned, materials doped with Nd3+ ions can also be applied with laser devices. 

Similarly, RLs can also be obtained using this active medium, as demonstrated since the 1990s 

67,69,121,122. RLs based on Nd3+ are of great technological interest because they are not 

photodegradable, have relatively high efficiency and can act in a wide range of wavelengths 123. 

Over the years, as in this work, RL emission has been demonstrated for different concentrations 

of this ion. This feature was investigated by Moura et. al. and it was reported that the RL onset 

time is shorter than the non-radiative relaxation time of the 4F3/2 emitting state. The results 

presented motivate new studies of RL with high concentration of Ln3+ ions in glass, ceramic 

and crystalline matrices, which are normally avoided due to concentration quenching, which 

presents itself as a problem in several other applications, but not in the development of new 

RLs, thus enabling the development of a great diversity of materials 122. 

 

1.3.2. Nanothermometry  

Temperature is a fundamental concept of thermodynamics and a parameter of great 

influence for chemical and physical processes. Conventional techniques used for temperature 

measurement consist of heat exchange caused by contact between the system of interest and a 

thermometer. However, when it comes to micro or nanometric scales, traditional techniques 

have several limitations, such as the size of the thermometers, the difficult access to areas of 

interest, and the need for thermal balance between the thermometer and the environment in 

which the measurement is being performed. This type of limitation has driven the development 
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of new measurement techniques that are accurate, that do not necessarily need to be in contact 

with the area to be measured, and that act with precision and high spatial resolution. In this 

sense, nanothermometry is an interesting proposal, as it is a non-invasive method that allows 

the measurement of temperatures even at the cellular level, with the objective of extracting the 

temperature of a given location, regardless of its spatial scale 13,124.  

Optical nanothermometry is based on the analysis of changes in optical properties 

inherent to a given material caused by temperature change. Thus, optical sensors have been 

widely studied and developed, and exhibit several advantages over other devices, such as the 

possibility of remote sensing (non-contact), fast response time, little influence of the 

environment to be analyzed, among others. In this sense, among possible optical and non-

invasive techniques, luminescent nanothermometry is of great interest. The properties of the 

photons involved in luminescence processes depend on the properties of their involved 

electronic states that, in turn, depend on the local temperature 13. Since luminescence is affected 

by temperature, the resulting changes can be monitored measuring different parameters of the 

emitting center, such as the integrated emission intensity of a single transition or a pair of 

transitions, the spectral shift, band shape or bandwidth of a given transition, and lifetime 

measurements (Figure 27). Thus, this technique explores the relationship between the local 

temperature and the luminescent properties of the material, to obtain thermal sensing from 

spectroscopic analysis 73. 
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Figure 27. Schematic representation of possible effects on spectral characteristics caused by increasing 

temperature 73. 

 

As described by Brites et. al. 13, these thermometry systems can be classified as primary 

and secondary. Primary systems are those that can be characterized by well-established 

equations, directly related to the values obtained with absolute temperatures, without the need 

for calibration. With this, they have the advantage of being able to be applied in different 

environments. The secondary ones, on the other hand, need to have a well-determined 

temperature in their calibration and, for this reason, are difficult to calibrate at nanoscales and 

why they are not usually applied as sensors 13.  

In primary thermometers, it is possible to perform the analysis of the temperature 

variation based on the change in the emission intensity ratio between two transitions in a single 

emitting center, which proves to be an interesting strategy, given that the measurement is not 

compromised by experimental disadvantages. The ratio of the integrated intensity between two 

emissions, from energetically close transitions, can be analyzed based on the model of the 
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Boltzmann thermal equilibrium (Figure 28) between the two emitting levels, described as |1> 

and |2>. The absorption rate of the transition |0> → |1> is given by W10, and the intensities of 

the transitions as I01 and I02 
13. 

 

 

Figure 28. Schematic of a partial energy diagram of a generic ion 13. 

 

If these two levels (|1> and |2>) are thermally in equilibrium, that is, thermally coupled, 

the population of these states, N1 and N2, can be related by: 

                                               𝐍𝟐 =  𝐍𝟏  (
𝐠𝟐

𝐠𝟏
) 𝐞𝐱𝐩 (

−𝚫𝐄

𝐤𝐁𝐓
)                                           Equation 13 

where, kB: the Boltzmann constant, T: temperature, g1 and g2: the degeneracy of the levels 1 

and 2, and ΔE: the energy difference between the barycenter of the emission bands |2> → |0> 

and |1> → |0>. The ratio between the integrated intensities of the two transitions is known as a 

thermometry parameter (Δ) and is given as: 

                                                              𝚫 =  
𝑰𝟎𝟐

𝑰𝟎𝟏
                                                                  Equation 14 

 

As I0i can be written as: 

                                                        𝐈𝟎𝐢 ∝ ℏ 𝛚𝟎𝐢 𝐀𝟎𝐢                                                       Equation 15 
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where, A0i is the spontaneous emission coefficient of the transition 0 → i and ω0i: angular 

frequency. Since Ni is the population of state i, we can relate the thermometry parameter and 

the distribution of populations in the excited states: 

                           𝚫 =  
𝐈𝟎𝟐

𝐈𝟎𝟏
=

ℏ 𝛚𝟎𝟐 𝐀𝟎𝟐𝐍𝟐

ℏ 𝛚𝟎𝟏 𝐀𝟎𝟏𝐍𝟏
=  

𝛚𝟎𝟐 𝐀𝟎𝟐𝐠𝟐

𝛚𝟎𝟏 𝐀𝟎𝟏𝐠𝟏
𝐞𝐱𝐩 (

−𝚫𝐄

𝐤𝐁𝐓
) = 𝐁 𝐞𝐱𝐩 (

−𝚫𝐄

𝐤𝐁𝐓
)            Equation 16 

 

With this, the absolute temperature can be estimated by: 

                                                        𝐓 =  
𝚫𝐄

𝐤𝐁

𝟏

𝐥𝐧(𝐁/𝚫)
                                              Equation 17 

where, B is a constant that can be obtained by the relation Δ as a function of the pump power, 

by extrapolating the curve to the zero-pump power limit. This constant depends on the 

degeneracy of the two excited states, on the rate of spontaneous emission total, the split ratio of 

the transitions relative to the ground state and the frequency angular. 

An important parameter that must be evaluated when investigating the performance of 

a thermometer is the relative thermal sensitivity (Sr) of the fluorescence intensity ratio of an 

emitting site, which can be determined by the average parameter expressed: 

                                                            𝐒𝐫 =  
𝟏

𝚫
 |

𝛅𝚫

𝛅𝐓
|                                               Equation 18 

where, δT: temperature uncertainty, the smallest difference in temperature that can be detected 

in a given measurement. This quantity is also called temperature resolution, and can be given 

by: 

                                                             𝛅𝐓 =  
𝟏

𝑺𝒓
 
𝜹𝜟

𝜟
                                              Equation 19 

where δΔ: uncertainty in the determination of Δ. 

In possession of the relative sensitivity and the value of the ratio between the integrated 

areas of the transitions of interest, it is possible to calculate the absolute sensitivity (Sabs) by: 

                                                           𝐒𝐚𝐛𝐬 =  
𝐈𝟎𝟐

𝐈𝟎𝟏
 𝐒𝐫                                             Equation 20 

 

In addition to the parameters already demonstrated, the reproducibility and 

repeatability of a thermometer must be evaluated. Reproducibility indicates the variation in 

measurements performed under modified conditions, while repeatability refers to repeated 

measurements under identical conditions in the same equipment, which can be characterized as 

cycles. Thus, evaluating the variation in measurements, one can determine their ability to agree 
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on measurements. Usually repeatability (R) is given in percentage and can be quantified by 

the following equation: 

                                                  𝐑 =  𝟏 − 
𝐦𝐚𝐱 (|𝚫𝐜−𝚫𝐢|)

𝚫𝐜
                                      Equation 21 

where, Δc: average of the values of Δ obtained in each measurement, and Δi: parameter 

thermometry obtained in each temperature cycle 13,125. 

Materials doped with Ln ions are being widely explored in the construction of thermally 

sensitive devices. In this sense, those containing Yb3+ and Er3+ ions are classic examples of 

primary thermometers, where the parameters are studied through the 2H11/2 → 4I15/2 and 4S3/2 → 

4I15/2 transitions of Er3+ ions, since the 2H11/2 and 4S3/2 states are energetically close and 

thermally coupled, and better populated via UC process in the presence of Yb3+ ions, as already 

exposed in this work. In view of this, these ions were used in the preparation of YAG spheres 

and these were evaluated for their thermometry properties. The results obtained, as well as the 

equations used to calculate the parameters of interest, will be presented throughout this text. 

 

1.4. The Silk 

Legend says that silk was discovered while the Empress was drinking a cup of tea under 

a mulberry tree—a cocoon fell into her cup and, upon contact with the hot water, it broke apart, 

revealing the fiber produced by silkworm 126–128 Moved by curiosity, Hsi-Ling-Shi would have 

managed to transform that material into a piece of fabric and slowly started the weaving process, 

which is practically the same as the one used today. Although the textile industry was 

established at that time, it only peaked around 1500 BC, during the Shang dynasty. In the two 

following millennia, the Chinese were the exclusive manufacturers and exporters of silk: being 

aware of the commercial value of the fabric, the Chinese government banned mulberry seeds 

and silkworm eggs from being exported and threatened those who disrespected the ban with the 

death penalty. However, the ban was bypassed in 552 of the common era, when Justinian, the 

Roman Emperor, sent monks in disguise on a spy mission to China, to hide silkworm eggs in 

their luggage and take them to Constantinople inside bamboo sticks. The high commercial 

interest in it motivated the creation of the largest commercial route in the world, the so-called 

‘Silk Road’, leading to the foundation of great civilizations. This path, which was the most 

important cultural and commercial link between the West and the East for hundreds of years, 

only received the name of ‘Silk Road’ in the 19th century. In Brazil, the history of silk fabric 
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production began centuries later. Nevertheless, today Brazil is the fifth largest producer of silk 

fabric in the world. China still dominates the market, accounting for almost half of the silk 

fabric production on the planet. Even though Brazil remains behind China, India, Uzbekistan, 

and Thailand, the Brazilian silk fabric industry stands out for the quality of its yarns, produced 

mainly in the state of Paraná 126,129,130. 

Obtaining silk on a large scale is only possible thanks to sericulture, the part of 

zootechnics that deals with the study and development of silkworm (Kingdom: Animalia, 

Phylum: Arthropoda, Clade: Pancrustacea, Order: Lepidoptera, Genus: Bombyx, Species: 

Bombyx mori) 131,132. Sericulture is a thorough process that has been carried out pretty much the 

same way since silk was discovered approximately 4,500 years ago. It is the oldest known 

agroindustrial activity, and it is currently practiced by approximately 40 countries 128. Silkworm 

uses silk to produce the cocoons, where it lives until it undergoes metamorphosis and becomes 

a moth 133,134. 

The textile industry is interested in the cocoons. Starting from the egg, the estimated 

time for obtaining them is approximately 45 days. These cocoons consist mainly of two 

proteins: Silk Fibroin-SF (~70%), which belongs to the fibrous class and provides the cocoons 

with resistance, and Silk Sericin-SS (~30%), which belongs to the globular class and provides 

the cocoons with protection 8. From a chemical standpoint, proteins are macromolecules built 

up from a set of 20 amino acids. The latter are smaller molecules bearing two functional groups 

– carboxyl and amino – in their structure. In the case of the proteins constituting the main core 

of the silk thread, there is high percentage of glycine and alanine in SF and of SS and threonine 

in sericin, as well as other subunits (in smaller proportions) 133. Please see Table 6. 

 

Table 6. Percentage of amino acids constituting the proteins present in the silk thread 133 

AMINO ACID % in fibroin % in sericin 

Glycine (Gly) 42.8 8.8 

Alanine (Ala) 32.4 4.0 

Serine (Ser) 14.7 30.1 

Tyrosine (Tyr) 11.8 4.9 
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Valine (Val) 3.0 3.1 

Aspartic acid (Asp) 1.9 16.8 

Glutamic acid (Glu) 1.7 10.1 

Threonine (Thr) 1.2 8.5 

Phenylalanine (Phe) 1.2 0.6 

Isoleucine (Ile) 0.9 0.6 

Arginine (Arg) 0.9 4.2 

Leucine (Leu) 0.7 0.7 

Proline (Pro) 0.6 0.5 

Lysine (Lys) 0.5 5.5 

Tryptophan (Trp) 0.5 0.5 

Histidine (Hys) 0.3 1.4 

Methionine (Met) 0.2 0.1 

Cysteine (Cys) 0.1 0.3 

 

SF, the major component in the silk thread, is a protein of the fibrous class. It plays a 

structural role and constitutes the nucleus of the silk filaments, providing the cocoons with 

resistance. On the other hand, SS is a protein of the globular class, which functions as a “glue” 

that unites two SF filaments, to form a silk thread that protects the cocoon 8,135. 

 

1.4.1. Fibroin - the majority component: extraction, structure, and properties 

Although the history regarding the use of silk as sutures is centuries old 135, it was in the 

mid-1940s that SF derived from cocoons aroused scientific interest. In 1947, the first academic 
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article reporting the use of SF outside the textile industry was published 136. Since then, the 

possibilities of using this protein have extended to several areas, such as tissue engineering 

137,138. SF has also been employed in the development of various types of biomaterials 139 and 

photonic devices 140. Today, it is one of the most applied natural fibers. 

Compared to SF, SS is still less often used due to biocompatibility and hypersensitivity 

issues 135,141. However, many studies have investigated the application of sericin in other areas 

142 including the development of compounds with antioxidant and bactericidal properties 

134,143,144. Sericin has also been employed in the prevention against UV rays 145, in the 

composition of cosmetics 146, and in the food industry 147. This protein is commonly known as 

the "binding" protein. It involves and assembles the SF fibers, thereby providing the cocoon 

with a structure. Because it is a globular protein consisting predominantly of the amino acids 

serine (Ser) and aspartic acid (Asp) (Table 6), sericin is highly hydrophilic and is highly soluble 

in hot water 145, which allows it to be removed from silk during the ‘degumming’ process – the 

procedure through which SF is extracted from the silk threads, to give a solution of this fibrous 

protein 8. 

While the textile industry disassembles the cocoon built from a single thread to produce 

fabrics, degumming is a ‘reverse engineering’ process that starts from the cocoon, to return to 

the original components, proteins and water, present in the silkworm sericigenic glands and 

which are spun to produce the cocoons 148. This protein splitting process comprises four steps: 

(I) separation of proteins and extraction of SF from the silk threads; (II) fiber dissolution; (III) 

dialysis to remove excess salt from the medium; and (IV) centrifugation to remove impurities 

from the cocoons itself. At the end of these steps (shown in Figure 29), an aqueous, viscous, 

and yellowish solution (~5% mass/volume) is obtained. This solution must be kept at 4 ºC and 

remains stable for approximately 30 days 8.  

In step (I), the cocoons are heated to 100 °C in an alkaline solution of sodium carbonate 

(Na2CO3). A salting-in effect takes place – the low concentration of salts increases the solubility 

of the proteins because the saline ions interact with the ionic charges of the proteins, increasing 

the effective charge and the amount of water molecules attached to the protein ionosphere. As 

already mentioned, the silk thread consists of two SF filaments linked together by a natural 

“glue”, SS. SS is a globular protein and is more soluble than SF. Thus, it is solubilized, 

becoming loose and remaining in solution, while the SF fibers remain rigid 8. 

These now dried loose SF fibers undergo dissolution (II), which can be carried out in 

the presence of various organic solvents and/or aqueous solutions 8 such as CaCl2-EtOH-H2O 
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149, Ca(NO3)2-MeOH-H2O 150, LiBr-EtOH-H2O 151 LiSCN-H2O 152, NaSCN-H2O 153, and LiBr-

H2O 8. The latter is the most commonly used system. In this case, LiBr acts as a chaotropic 

agent. At high concentration in aqueous solution, LiBr “removes” the water molecules 

surrounding the SF molecules, thus affecting the stability of the native conformation of these 

macromolecules, weakening the hydrophobic effect 137. 

After the SF fibers are completely dissolved, a yellow viscous gel is obtained. This gel 

is then dialyzed (III) against ultrapure water for 48 h. After this period, the solution is 

centrifuged (IV) at 3500 rpm, to remove impurities 8. 

 

 

Figure 29. Photograph of the SF extraction process steps. (I) A sequence of three images showing cut 

cocoons, cocoons being heated in Na2CO3 solution, and loose SF fibers. (II) The first image shows dry 

SF fibers; the second image shows dissolved SF fibers after dissolution in LiBr solution. (III) Dialysis 

of the obtained solution.  

 

Structurally, SF consists of two chains: a larger one, with ~325 kDa ((H) -chain), and a 

smaller one, with ~25 kDa ((L) -chain) 135. These chains are linked by a disulfide bond formed 

between two cysteine residues 154, leading to an HL complex, which at the same time is also 
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non-covalently linked to a P25 glycoprotein (~25 kDa). The whole structure of this protein 155–

157 was first characterized by Marsh in collaboration with Corey and Pauling in 1955 158. The 

high-molar-mass region underlying the tension properties of SF is a crystalline structure 

composed by repetitions of the amino acids that build up its primary structure (in that order Gly 

- Ala - Gly - Ala - Gly - Ser) and which may have the so-called silk I and silk II. Silk I is a 

hydrophilic, less crystalline region consisting of alpha-helix structures or random coil; silk II is 

hydrophobic and is more crystalline due to the presence of antiparallel beta-leaves 159. Silk I 

can be converted to silk II by specific treatment with methanol. In addition to these two regions, 

a small and unstable structure, known as silk III, may occur at the air/water interface of the SF 

in solution, but its structure has been less explored 160. The low-molar-mass chain accounting 

for chemical resistance and moisture retention is an amorphous, hydrophilic structure that does 

not present the repetition of the amino acids that build up the primary structure 155,157,161. SF 

comprises 5263 amino acid residues; Gly, Ser, and Ala are the main constituents of the primary 

structure, whereas other residual amino acids exist in smaller proportions 162,163, as shown in 

Table 6. 

Because SF belongs to the fibrous class and presents many hydrophobic amino acid 

residues in its structure, it is a water-insoluble protein 133. As mentioned previously, this protein 

has unique characteristics that allow it to be used in several areas. Among these characteristics, 

its biocompatibility 135,138,164, biodegradability 165, resorbability 166, high mechanical resistance 

9,167, relative stability to the environment it occupies 135, flexibility 168, ability to self-crystallize 

155 and to self-organize 8, structural functionality 169, possible coordinative environment for ions 

or molecules of interest 170, permeability to vapors of interest 171, transparency in all the visible 

spectrum, smooth surface, and variable refractive index 172 stand out. 

After sericin is completely removed from the silk thread, the resulting SF solution can 

be used to prepare different materials, which is promising for several applications. Some 

designs are illustrated in Figure 30 and include gels, fibers, films, microspheres, tubes, and 

sponges. The time required to obtain these materials varies from one to five days 8, depending 

on the method. 
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Figure 30. Scheme of the numerous shapes that can be obtained from the SF solution. The number of 

days that are necessary to obtain each shape is counted only after the SF solution is prepared. 

 

The SF crystalline structure, and hence its mechanical properties, can be modified 

during the preparation of these materials, by altering the SF concentration in the solution, the 

solvent used during treatment (water or alcohols), and the treatment temperature 173 and by 

adding other components or creating/distributing pores 8,135,137,139. The thickness and 

degradation time for materials such as films and tubes can be controlled by changing the SF 

concentration in the solution used during the preparation 8. Through a simple drying process in 

ambient conditions, insoluble materials, like films, can be obtained – beta sheets (conversion 

of silk I to silk II) are formed as a result of water removal. However, the materials obtained by 

this method are brittle, but this can be improved through treatment with hot water or methanol 

174,175. Treatment with water vapor only affords more flexible materials that degrade within a 

shorter time than materials treated with methanol, a widely used method for preparing materials 

of different shapes, such as spheres and fibers. In addition to the previously mentioned films 

and tubes, because methanol can induce SF crystallization, a larger number of beta-sheet 

structures arise. In general, treatments with water vapor only give a smaller amount of beta 
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sheets than treatment with alcohol, such as methanol. A small number of beta sheets results in 

less crystalline, more malleable, and softer materials, whilst an increase in the number of these 

structures affords more crystalline and rigid materials 8,176. 

Besides these treatments, the mechanical properties of SF can be improved by adding 

other components 165,177; for example, SF blends with acrylic polymers 153, polysaccharides 178, 

collagen 179, and sodium alginate 180, among others, can be obtained. Porous materials can also 

be achieved by using polyethylene oxide (PEO) 8, thus creating matrixes with defined porosity 

and modified surface properties 181. Another factor that can influence the properties of the 

resulting materials is the age of the cocoons that are used to obtain the SF solution, as 

demonstrated by Ramirez and collaborators 182. 

Film is one of the simplest forms into which SF can be molded. To prepare a film, the 

typical feature of proteins must be considered: these macromolecules tend to self-organize as 

they spread over a surface. Therefore, they acquire the shape of the surface after the solvent 

present in the protein solution, in this case water, is evaporated under ambient conditions (dry 

casting) 8,137. In this way, non-patterned or patterned SF films can be achieved by changing only 

the substrate where the film is prepared. The choice of substrate will depend on the target 

application given that this film will “load” the characteristics of the substrate. Apart from this 

preparation method involving manual deposition, these materials can be obtained by other 

techniques, such as layer-by-layer (LbL) deposition 167,183,184, which produces ultrafine SF 

films, as well as spin coating 185, Langmuir-Blodgett (LB) process 160, and others. 

SF tubes can also be obtained by a simple method like dip coating, by immersing a 

template in a solution with high SF concentration, as described by Rockwood and collaborators 

8. After immersion, the system must be homogenized and placed in contact with methanol, 

which can induce formation of beta-sheet structures and stiffen the material 137,176. After 

treatment, the templates with the solution are dried at room temperature. This method enables 

tube thickness to be controlled through control of the SF concentration in the solution and the 

number of layers deposited on the template 8; furthermore, porous tubes can be created 186. 

Another methodology involves spinning gel (gel spinning) 187. 

Wenk and collaborators 188 obtained SF microspheres by a method that uses mild 

conditions and a vibrating mouthpiece. In this system, the SF solution is added with a syringe 

and ejected in the form of drops by action of the mouthpiece with controlled vibration and 

frequency. The drops are poured into a reservoir containing liquid nitrogen and solidify upon 

contact with it.  
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Spherical SF materials can also be prepared by other methods. For instance, fatty acid 

lipids (DOPC: 1,2-Dioleyol-sn-glycerol-3-phosphocholine) can be employed to encapsulate the 

aqueous SF solution. The fatty acid lipids can be in the pure form or in the presence of a 

molecule of interest, which act as a template. After vesicles are generated, the lipid can be 

removed, and the resulting spheres are resuspended. In the case of DOPC, which is soluble in 

methanol and can stiffen SS, methanol is used to remove the lipid 8,189. Phase separation 

between the aqueous SS solution and another polymer, such as PVA (polyvinyl alcohol), is 

another useful method that is simple and dismisses the use of other solvents 190.  

SF fibers are generally obtained by electrospinning, a process that affords materials with 

large surface area and reduced diameter. This methodology is widely employed due to the 

simplicity of the experimental electrical force apparatus – it basically consists of three 

components, syringe, high voltage source, and collector – not to mention its high efficacy and 

low cost 191. 

SF is also widely used to produce three-dimensional scaffolds with controlled 

morphology and porosity. These scaffolds can be obtained from gel, hydrogels, or sponges. 

Sponges can be achieved by adding and subsequently removing salts from the SF solution in 

aqueous medium; pore size can be controlled 8. In addition to this aqueous method, sponges can 

also be prepared by using organic solvents, like the alcohol HFIP (1,1,1,3,3,3-hexafluoro-2-

propanol) 192. 

Finally, hydrogels can be prepared by a series of methods involving decreasing the pH 

value of the medium 193, sonication 194, or application of an electric current 195. In all cases, the 

material is produced in a simple and fast way, and the choice of method will depend on the 

target application. Nogueira et. al. 196 demonstrated that these materials can be achieved by SF 

solution dialysis at different temperatures, without the need for further treatments, constituting 

another simple and effective route that affords promising structures for biological applications. 

 

       1.4.1.1. Its main applications - focus on electronic and photonic devices 

Because SF provides positive responses due to its biocompatibility 8,139,164, among other 

properties, it has been widely explored for the development of diverse biomaterials in the 

medical field for decades; moreover, it has promising use in the development of photonic 

devices 140. Among the possible applications of this natural polymer, we can mention its use in 

drug delivery systems 189, as scaffold in tissue engineering for repair of tissues (such as cornea, 

vascular and bone tissues), and as dressing for healing skin lesions 197. Other application areas 
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include cancer diagnosis and treatment, photodynamic therapy 198, enzyme immobilization 199, 

photonic devices 200, lasers 117,120, biosensors 184, waveguides 162, fuel cells 201, and materials 

with antithrombogenic properties 202. 

In the field of electronics and photonics, biopolymer films have been used to obtain 

flexible devices 168. This field requires materials that can be applied in unconventional 

interfaces, such as curvy and soft interfaces, to which traditional devices are unable to adhere. 

Indeed, electrodes that can intimately and non-invasively integrate with these surfaces offer 

important opportunities for disease treatment and diagnosis 166. In this regard, SF has been 

extensively studied and stands out against other materials thanks to its unique properties, which 

include being mechanically robust 9 and transparent throughout the visible spectrum, presenting 

smooth surface and variable refractive index 172, and being susceptible to physical changes in 

its structure 176. All these characteristics allow the preparation of passive or active devices 168 

based on pure SF or SF in the presence of other components, to provide materials like supports 

for electrodes 166, lasers 117,203, biosensors 184, waveguide 162, and fuel cells 201, as mentioned. 

Kim and collaborators built an electrode consisting of a chip supported on an ultrathin 

and resorbable SF substrate. To this end, they obtained a pure, smooth, and thin film in which 

the chip was placed. They observed that tissue adhesion improved with decreasing device 

thickness. The chip could be reabsorbed by the body within a programmed time because SF can 

be undone in days, months, or even years depending on the treatment to which it is submitted 

166. This work introduced a concept that could be extended to other areas: the preparation of 

electronic devices with biodegradable components as an alternative to replace some types of 

plastics. 

Silva et. al. 117 took advantage of the ability of SF to copy the characteristics of the 

substrate to which it is added to prepare a laser system based on the DFB (distributed feedback 

grating) mechanism by using a commercial DVD as substrate. They poured the SF solution on 

the surface of the DVD and let it dry. The resulting film displayed the diffraction pattern of the 

DVD. This pattern is what causes amplification in this type of laser system, thus being an 

example of an active device based on SF in the presence of nanoparticles and dye incorporated 

into the protein structure. 

A dielectric material with thickness (l) and refractive index (n1) and that can support 

wave propagation is known as a waveguide. Its refractive index (n1) must be different from the 

refractive index of the material on which the guide is supported (n2). In a study published in 

2015, researchers obtained biocompatible waveguides from SF fiber (n1 = 1.54) encapsulated 
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with SF hydrogel (n2 = 1.34) and demonstrated that the materials can guide light in tissues by 

means of a robust system, thereby allowing great advances in the use of light in therapy or 

image acquisition 204. 

The SF protein structure is also of great interest in the development of photonic devices. 

Among the amino acids that make up such a structure are the aromatic amino acids tryptophan 

(Trp), tyrosine (Tyr), and phenylalanine (Phe) (Table 6), which are commonly employed as 

fluorescent probes for interpretation of the protein structure (conformation, dynamics, and 

molecular interaction). In the case of SF, Trp stands out because its fluorescence is sensitive to 

the surrounding environment. This amino acid residue, with broadband emission between 300 

and 400 nm, can sensitize Ln ions by energy transfer, populating the emitter levels more 

efficiently, as demonstrated in our study published in 2018 170. When the emitting levels are 

more efficiently populated, the emission of these ions intensify, a widely explored phenomenon 

in photonics. 

Understanding how the physicochemical properties of SF affect the spectroscopic 

properties of Ln ions can be a strategy for the development of a new generation of photonic 

devices, such as biocompatible and biodegradable sensors with high transparency in the visible 

spectral region. In a recently published study, thin, highly transparent films consisting of SF 

and a europium ion (Eu3+) complex, produced by immersion under controlled conditions, were 

presented. The study showed the highly intense emission typical of Eu3+ complexes and the 

dependence of the intensity of the 5D0 → 7F2 transition on the concentration of ammonia vapor, 

thus demonstrating the possibility of using this system as a photonic vapor sensor 205
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2. Objectives  

2.1. General objective 

Our aim was synthesizing YAG (Yttrium Aluminum Garnet, Y3Al5O12) spherical 

particles doped with lanthanide ions by Spray Pyrolysis, as well as inserting them in Fibroin 

matrix to develop new luminescent materials; and studying their spectroscopy behavior for 

photonic applications. 

 

2.2. Specific objectives 

• Structural and morphological study of the YAG phase obtained as dense spheres via 

Spray Pyrolysis; 

• Luminescence spectroscopic study of the different lanthanide ions inserted into the 

YAG matrix for downshifting and up-conversion process; 

• Laser emission studies in a random media composed of Nd3+-doped YAG acting as an 

active and a scatter medium; 

• Preparation of luminescent Silk Fibroin films for up-conversion emission by action of 

the Yb3+/Er3+ pair, and also of the Yb3+ and Tm3+ ions; 

• Investigation of the thermometry response, in different temperature ranges via up-

conversion mechanism, of materials doped with the Yb3+/Er3+ pair. 
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3. Materials and Methods 

3.1. Chemicals 

Yttrium, neodymium, ytterbium, erbium and thulium oxides (Y2O3, Nd2O3, Yb2O3, 

Er2O3 and Tm2O3, respectively, 99.9%, purchased from Sigma-Aldrich), nitric acid (HNO3, 

65%, supplied by Sigma-Aldrich), high-purity deionized water (18.2 MΩ/cm, obtained from 

Millipore Milli-Q water purification system), and aluminum tri-sec-butoxide (C12H27AlO3, 

97%, acquired from Sigma-Aldrich) were employed as purchased. All aqueous lanthanide 

nitrate solutions were titrated before used to confirm the absolute concentration of Ln3+ ions. 

Bombyx mori cocoons were provided by the silk spinning company BRATAC–Fiação de Seda, 

Brazil; sodium bicarbonate (Na2CO3, anhydrous, minimum 99.5%) was purchased from Merck; 

and lithium bromide (LiBr, purity ≥ 99%) and dialysis tubing cellulose membrane were 

acquired from Sigma-Aldrich. 

 

3.2. Experimental procedure 

3.2.1. Preparation of Boehmite – the precursor 

3.2.1.1. Nd3+ ion doping 

The required SP precursor to prepare Nd3+:YAG particles was based on 100 mL of 0.2 

M boehmite suspension 4,5,42 doped with 60% of Y3+ ion (mol/mol in relation to Al3+ from 

boehmite composition) and co-doped with 1.0, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 or 5.0% Nd3+ (mol/mol 

in relation to Y3+). The Ln ion that was selected for phosphor production had to be added at the 

moment the precursor was being prepared. To this end, first the aqueous yttrium and 

neodymium nitrate solutions (0.5 M Y(NO3)3.6H2O and 0.1 M Nd(NO3)3.6H2O) were obtained 

by acid digestion of the respective oxides (Y2O3 and Nd2O3). To prepare the suspension, 

aqueous yttrium nitrate solution (0.5 M Y(NO3)3.6H2O) and aqueous neodymium nitrate 

solution (0.1 M Nd(NO3)3.6H2O) (volumes according to the desired concentration) were added 

to 50 mL of ultrapure water previously heated to 83 ºC. Next, 4.93 g (0.02 mol) of the aluminum 

tri-sec-butoxide was added and hydrolyzed for 1 h under stirring. Then, 1 mL of nitric acid was 

added as peptizing agent. After the suspension was cooled, the final volume was adjusted to 

100 mL with ultrapure water. 
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Table 7. Description of the amount of RE ions added to each YAG sample obtained after pyrolysis of 

suspensions  

Samples 

(% mol/mol Y3+) 

 

mole of Y3+ 

 

mole of Nd3+ 

Nd3+:YAG (1.0%) 0.0118 0.0002 

Nd3+:YAG (2.0%) 0.0116 0.0004 

Nd3+:YAG (2.5%) 0.0115 0.0005 

Nd3+:YAG (3.0%) 0.0114 0.0006 

Nd3+:YAG (3.5%) 0.0113 0.0007 

Nd3+:YAG (4.0%) 0.0112 0.0008 

Nd3+:YAG (4.5%) 0.0111 0.0009 

Nd3+:YAG (5.0%) 0.011 0.001 

 

3.2.1.2. Yb3+and Er3+ ions doping 

The Yb3+/Er3+:YAG particles were also prepared by SP. So, again a 50 mL of 0.2 M 

boehmite suspension, as detailed in the item 3.2.1.1, was used as precursor. To obtain the final 

Yb3+/Er3+:YAG particles, the Ln pair concentration was kept at 13.75% or 20%, in function of 

the Y3+ content on garnet structure, in addition, the specific Yb3+/Er3+ % ratio was maintained 

at 12.5%/1.25% (for 13.75%), or 18.75%/1.25% (for 20%). Then, aqueous yttrium nitrate 

(Y(NO3)3.6H2O), ytterbium nitrate (Yb(NO3)3.6H2O), and erbium nitrate (Er(NO3)3.6H2O) 

solutions (molar quantity according to the desired concentration) were added to 30 mL of 

ultrapure water previously heated to 83 ºC. Next, 2.45 g (0.01 mol) of aluminum tri-sec-

butoxide was added and hydrolyzed for 1 h under stirring. After that, 0.5 mL of nitric acid was 

added as peptizing agent, and the suspension was cooled. The final volume was then adjusted 

to 50 mL with ultrapure water.  
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Table 8. Description of the amount of RE ions added to each YAG sample obtained after pyrolysis of 

suspensions 

Samples 

(% mol/mol Y3+) 

 

mole of Y3+ 

 

mole of Yb3+ 

 

mole of Er3+
 

Yb3+/Er3+:YAG (13.75%) 0.004625 0.00125 0.000125 

Yb3+/Er3+:YAG (20.0%) 0.004 0.001875 0.000125 

 

3.2.1.3. Yb3+and Tm3+ ions doping 

In the same way, the Yb3+/Tm3+:YAG particles were prepared by SP as described for 

the YAG matrix doped with other Ln ions 4,5,42. More specifically, YAG particles doped with 

two Yb3+ concentrations were prepared. In both cases, the Tm3+ concentration was kept at 0.5% 

(mol/mol in relation to Y3+), whereas the Yb3+ concentration was 10 or 15% (mol/mol in 

relation to Y3+). The resulting powders were labeled Yb3+/Tm3+:YAG (10%/0.5%) and 

Yb3+/Tm3+:YAG (15%/0.5%), respectively. Briefly, as described in the previous item, 50 mL 

of the precursor, 0.2 M Boehmite doped with the Ln, was prepared by addition of yttrium and 

thulium nitrates solutions to 30 mL of ultrapure water at 83 °C. Then, 2.45 g (0.01 mol) of 

aluminum tri-sec-butoxide was added to this solution and hydrolyzed for 1 h under stirring. 

 

Table 9. Description of the amount of RE ions added to each YAG sample obtained after pyrolysis of 

suspensions 

Samples 

(% mol/mol Y3+) 

 

mole of Y3+ 

 

mole of Yb3+ 

 

mole of Tm3+
 

Yb3+/Tm3+:YAG (10.5%) 0.00495 0.001 0.00005 

Yb3+/Tm3+:YAG (15.5%) 0.00445 0.0015 0.00005 

 

3.2.2. Preparation of the YAG particles by Spray Pyrolysis  

To prepare the Ln3+:YAG powders, Ln3+,Y3+-doped boehmite suspensions (items 

3.2.1.x) was pyrolyzed in an SP system, as shown in Figure 5 and described previously 4. As 

already mentioned, on the equipment used in this work, the aerosol is originated in the 
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ultrasound chamber. In this step, a 2.4-MHz frequency piezoelectric pellet was used to generate 

the aerosol. In sequence, the aerosol was carried through the two heat-treatment zones, the 

drying zone at 150 ºC and the pyrolysis zone at 700 ºC, by gas flow (0.1 m3/h atmospheric air). 

After all the suspension had been pyrolyzed (around 20 mL/h), the product was collected in an 

electrostatic filter operating at 11 kV and 150 ºC to avoid water condensation. After, the 

collected powder was heat-treated at 1100 ºC for 12 h. 

 

3.2.3. Obtaining composite films by Silk Fibroin and YAG particles  

SF, used in the preparation of the films prepared below, was extracted by following the 

experimental procedure previously described by Rockwood 8 and shown in Figure 29. 

 

3.2.3.1. SF + Nd3+:YAG particles 

To obtain the SF-Nd3+:YAG composite films, the six Nd3+:YAG particles, that present 

RL emission (2.5, 3.0, 3.5, 4.0, 4.5, and 5.0%, as will be shown in the sequence), were used. 

To this end, 30 mg of Nd3+:YAG was dispersed in 2.5 mL of SF solution and dried on a plastic 

substrate with diameter of 2.0 cm at 45 °C for 4 h. All the prepared samples present the same 

appearance, since equal amounts of powders and SF solution were used. 

 

3.2.3.2. SF + Yb3+/Er3+:YAG particles 

To obtain the SF-Yb3+/Er3+:YAG composite films, the two Yb3+/Er3+:YAG particles 

were used. To this end, 50 mg of Yb3+/Er3+:YAG was also dispersed in 2.5 mL of SF solution 

and dried on a plastic substrate with diameter of 2.0 cm at 45 °C for 4 h. This procedure was 

carried out to four different amounts of Yb3+/Er3+:YAG particles (Yb3+/Er3+ % ratio of 12.5/1.25 

or 18.75/1.25)—50.0 mg, 5.0 mg, 2.5 mg, and 1.0 mg—and the resulting SF-Yb3+/Er3+:YAG 

composite films were numbered I, II, III, and IV, respectively, as shown in Figure 31. 
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Figure 31. Photograph of the SF-Yb3+/Er3+:YAG composite films obtained with SF solution and (I) 50, 

(II) 5.0, (III) 2.5, and (IV) 1.0 mg of (above) Yb3+/Er3+:YAG (Yb3+/Er3+ % ratio of 12.5/1.25) and 

(below) Yb3+/Er3+:YAG (Yb3+/Er3+ % ratio of 18.75/1.25) particles. 

 

3.2.3.3. SF + Yb3+/Tm3+:YAG particles 

The composite films were also prepared by dispersing the Yb3+/Tm3+:YAG particles in 

the SF solution. To obtain films with different transmittance behaviors, different amounts of 

the particles were added to the SF solution. Briefly, to 2.5 mL of SF solution, 50, 5.0, or 2.5 mg 

of Yb3+/Tm3+:YAG (Yb3+/Tm3+ % radio of 10/0.5) particles was added, and called I, II and III, 

respectively, as shown in Figure 32. The system was mixed, added to plastic petri dishes, and 

dried at 45 °C for 4 h, to obtain self-supported films with different transparency values. 
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Figure 32. Photograph of the SF-Yb3+/Tm3+:YAG composite films obtained with SF solution and (I) 

50, (II) 5.0, and (III) 2.5 mg of Yb3+/Tm3+:YAG (Yb3+/Tm3+ % ratio of 10/0.5) particles. 

 

3.2.4. Analysis techniques 

3.2.4.1. Powders and films characterization  

The Nd3+:YAG powders were characterized by X-ray diffraction (XRD), infrared 

vibrational spectroscopy (FTIR), scanning electron microscopy (SEM), and 

photoluminescence spectroscopy. The X-ray diffraction analyses (XRD) were conducted in the 

equipment D2 Phaser model from Bruker-AXS, operated at room temperature and with Kα 

radiation from the copper anode and scanning of θ/2θ, the equipment calibration was carried 

out with a standard from Bruker, Korundprobe A26-B26-S. The infrared vibrational 

spectroscopy (FTIR) analyses were carried out in an IRPrestige- 21- Shimadzu equipment in 

KBr pellet, with a proportion of sample/KBr as 1/100. The scanning electron microscopy 

(SEM) images were obtained on a Zeiss EVO 50 equipment, and all samples were previously 

covered with a thin layer of gold in a Bal-Tec SCD 050 Sputter coater. The particle diameter 

analysis was carried out by Image J software for a count of at least 200 particles observed in 

the electronic microscopy. The photoluminescence analyses were performed on a Fluorolog 3 

Horiba Scientific (model FL3-22) equipment with dual excitation and emission 

monochromators and Hamamatsu R928 (visible) and H10330-75 (near infrared) 

photomultipliers; a pulsed Xe lamp of 450 W was used for the excitation spectra, and an 808-

nm laser was employed for the emission spectra. The Yb3+/Er3+:YAG and Yb3+/Tm3+:YAG 

particles were characterized by XRD, SEM and photoluminescence spectroscopy, in the same 

equipment described above, but a pulsed 980-nm laser was employed for the emission and UC 
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spectra. In the case of SF films formed by both particles, these were characterized by 

photoluminescence spectroscopy in the same way described. 

 

3.2.4.2. Random Laser setup 

The RL setup was typical of powder based RL, as can be seen in Figure 33.  

 

 

Figure 33. Experimental setup for RL emission detection, M1 and M2 are mirrors, and L1, L2, L3 are 

lens. 

 

The pump source was an optical parametric oscillator (OPO, Opotek) pumped by the 

second harmonic of a Q-switched Nd3+:YAG laser and tuned to the 810 nm emission 

wavelength. The OPO operated at 10 Hz, delivering pulses with energy up to 2.0 mJ and pulse 

duration ~5 ns. The illuminated area in the sample surface was 1.9 mm2. The emission spectra 

were analyzed using a CCD coupled to a spectrometer (~0.01 nm resolution). Time resolved 

measurements were performed by using a fast photodetector (<10 ns risetime) also coupled to 

a second port of the spectrometer. The excitation pulse energy (EPE) was controlled by a pair 
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of polarizers, and the direction of the incident beam was 45° with respect to the normal of the 

sample. The light emitted by the powder was collected in the direction normal to the sample 

surface and directed to the spectrometer with appropriated optics.  

 

3.2.4.3. Thermometry study 

Temperature-dependent UC spectra of the Yb3+/Er3+:YAG particles were acquired 

between 293 and 473 K, while the temperature-dependent UC spectra of the SF-Yb3+/Er3+:YAG 

composite films were registered between 293 and 333 K due to the lower thermal stability of 

the protein. In both cases, the samples were placed in a platinum crucible in a LINKAM 

Scientific temperature-controlled stage (T95-HT), show in Figure 34.  

 

 

Figure 34. Temperature and environmental control from < -195 °C to 600 °C with XY sample 

manipulators 206. 

 

A stable temperature control of 0.1 °C was employed, and the temperature of the 

samples was stabilized before each analysis. The samples were excited with a continuous 980-
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nm fiber laser (1000 mW for the Yb3+/Er3+:YAG particles and 700 mW for the SF-

Yb3+/Er3+:YAG composite films) by using an optical fiber. The emission signals were collected 

by another optical fiber and guided from the sample to the detector, coupled to the equipment 

Fluorolog 3 Horiba Scientific previously described for photoluminescence analysis.  
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4. Results and Discussion 

The results obtained during the development of this project will be presented in different 

sections. First, we will present the structural and morphology characterization of the YAG 

particles doped with all Ln ions studied. In the sequence, it will be shown, independently for 

each system (Nd3+, Yb3+/Er3+ and Yb3+/Tm3+), the luminescence spectroscopic studies of these 

materials. Finally, based in their potential applications, the thesis will present the results of the 

RL emission studied in materials doped with Nd3+ ions, and, followed by the studies of the 

thermometry properties of the systems containing Yb3+/Er3+. 

 

4.1. Structural and morphological characterization of the YAG particles 

The materials doped with Nd3+ (1.0, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 or 5.0%) were fully 

characterized by XRD and FTIR, after different thermal treatment of the powder obtained from 

pyrolysis, to determine the YAG phase. Initially, the Nd3+:YAG particles without heat treatment 

were analyzed by powder XRD, herein, we are just showing the extreme concentrations (1.0 

and 5.0%) and the intermediate one (3.5%), as all samples have a very similar profile. As 

observed in a previous work 4 and shown in the Figure 35,  the powders had amorphous 

structure, which was corroborated by an enlarged and undefined halo in the diffractogram and 

was a consequence of the restricted time (few seconds) during which the precursor remained in 

the pyrolysis zone. Different temperature on SP setup was previously studied for the same 

precursor used herein 4. In these previous studies, it was presented the structural evolution of 

powder obtained at different pyrolysis temperatures and at 200 °C and 500 °C boehmite 

particles were produced. It is known that boehmite structure is stable around 250 °C, but when 

the SP is performed at 500 °C, the boehmite structure is well defined. This is because the 

residence time in the hot zone of the SP process is very short (few seconds), so the reactions 

cannot be completed. The pyrolysis performed at 700 °C gives a very badly resolved diffraction, 

with some characteristic peaks of the γ-alumina. In addition, the difference between the 

covalent radius of Y3+ and Nd3+ ions could result in longer time for structural organization, as 

shown by López et. al. 207, which the increase of Nd3+ content may have been accounted for the 

low crystallization rate. 
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Figure 35. XRD patterns of the Nd3+:YAG (1.0, 3.5 or 5.0%) powders obtained by SP without thermally 

treated. y axis: normalized intensity. 

 

In the next step, the materials were heat treated at 900 °C for 3 h. The XRD results are 

showing in Figure 36, where is possible to observe that the YAG phase emerged but secondary 

structures as yttrium aluminum monoclinic (YAM) and yttrium aluminum perovskite (YAP) 

also be observed as spurious phases.  
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Figure 36. XRD patterns of the Nd3+:YAG (1.0, 3.5 or 5.0%) powders obtained by SP and thermally 

treated at 900 ºC for 3 h. y axis: normalized intensity. 

 

After a thermal treatment at 900 °C, several peaks referring to different planes were 

observed. Some of them can be attributed to intermediate phases of the Al2O3-Y2O3 binary 

system already described, for example, in 11.8, 17.9, 18.9, 26.7, 29.5, 30.6, 36.4, 41.0, 43.0, 

46.4, 52.5, 54.9, and 57.1° 2theta positions, related to plans and the respective phases (011)-

YAM, (211)-YAG, (012)-YAM, (111)-YAP, (400)-YAG, (023)-YAM, (422)-YAG, (521)-

YAG, (232)-YAM, (532)-YAG, (444)-YAG, (640)-YAG, and (642)-YAG 7,25,208.  

Thus, a new thermal treatment of the materials was carried out, just at 1100 °C for 30 

minutes. Figure 37 shows the XRD results obtained. 
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Figure 37. XRD patterns of the Nd3+:YAG (1.0, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 or 5.0%) powders obtained 

by SP and thermally treated at 1100  ºC for 30 minutes. y axis: normalized intensity. 

 

Now, a preferential structure adopted from the material composition emerged, these 

diffractograms showed the peaks (noted from 1 to 14, respectively) related to the YAG 

structural planes (211), (220), (321), (400), (420), (422), (431), (521), (440), (532), (444), (640), 

(721), and (642) at 2θ close to 18.1, 20.9, 27.8, 29.7, 33.4, 36.7, 38.2, 41.2, 42.6, 46.6, 52.8, 

55.1, 56.3, and 57.4º respectively 7. This confirmed that the YAG structure was formed 209 after 

treatment at 1100 °C per 30 minutes and indicated that the ‘garnet’ phase (space group Ia3d) 
36 

was obtained for all the studied concentrations.  

However, in 2theta approximately equal to 12, 19, 26, 30, 34, 43 and 51º (noted with *) 

there are also spurious peaks not indexed to the YAG structure. These peaks are attributed to 

the monoclinic (YAM) and perovskite (YAP) phases, which were formed and remained even 

after the heat treatment to which the material was submitted 7. Due to the YAM phase, we have 
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the occurrence of peaks at 2theta approximately equal to 12, 19, 30, and 43°, relative to the 

(011), (012), (023) and (232) planes 25, respectively; and to the YAP phase, we have, in 2theta 

equal to approximately 26, 34 and 51º, the peaks related to the planes (111), (121) and (230) 

208. 

Finally, to study the behavior of Nd3+ ion, e.g., as lasing emission, a further thermal 

treatment was required to avoid spurious phases and confirm the pure YAG phase. Then, the 

next strategy adopted was the thermal treatment of the samples at 1100 °C for 12 h. The 

diffractograms obtained in the sequence are shown in Figure 38. 

 

 

Figure 38. XRD patterns of the Nd3+:YAG (1.0, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 or 5.0%) powders obtained 

by SP and thermally treated at 1100 ºC for 12 h. 
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Over again, these diffractograms contained the peaks (noted from 1 to 14) related to the 

YAG structural planes, confirming that the YAG structure was formed and it’s pure after 

treatment at 1100 °C for 12 h in all the studied concentrations. As already mentioned, in the 

YAG structure, Nd3+ replaces Y3+ in D2 symmetry sites. Whereas crystalline YAG has a body-

centered cubic lattice, Y3+ (ionic radius = 1.159 Ǻ) replacement with the larger Nd3+ (ionic 

radius = 1.249 Ǻ) limits Ln ion insertion in this crystal lattice, and such insertion modifies the 

cell parameters 210. Kostic et. al. 211 calculated the lattice parameter for pure YAG (a = 11.9538 

Å) and Nd3+:YAG (doped with 0.8 wt.% Nd3+) single crystals (a = 11.9677 Å) and obtained a 

difference of 0.12% between these values. On the other hand, for materials consisting of 

nanoparticles, Li et. al. 212 calculated the lattice parameters for pure YAG (a = 12.0598 Å) and 

Nd3+:YAG doped with 1.0% (a  = 12.0619 Å) or 3.0% (a = 12.0703 Å) Nd3+ (% wt.) and 

achieved a difference of 0.017 and 0.087%, respectively. In the same way, Sakar et. al. 41 

reported values for pure YAG (a = 12.042 Å), Nd3+:YAG doped with 3.0% wt. Nd3+ (a = 12.044 

Å), and  Nd3+:YAG doped with 5.0% wt. Nd3+ (a = 12.060 Å), to obtain a difference of 0.017 

and 0.15% between pure YAG and Nd3+:YAG doped with 3.0% or 5.0% wt. Nd3+, respectively. 

In general, independent of the synthesis route and the characteristics of the resulting material, 

Nd3+ (whose ionic radius is 7.76% greater than the Y3+ ionic radius) will significantly increase 

the lattice parameters, which in turn will shift the diffraction peaks to the left (to lower 2theta 

values) 7,41,210,212. This behavior is clear in the XRD patterns shown in Figure 39 below. 
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Figure 39. XRD patterns of the Nd3+:YAG (1.0, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 or 5.0%) powders obtained 

by SP and thermally treated at 1100 ºC for 12 h. Focus for the region between 30-36 degree. 

 

As explained before, the higher Nd3+ content in the YAG structure significantly shifted 

the 2theta values as compared to other materials reported in the literature 209,213, e.g., the peak 

at 2theta = 33.4º on diffraction patterns (JCPDS 33-0040) was shifted to 33.1º on YAG doped 

with 5.0% wt. Nd3+, as a consequence of larger ionic radius of the Nd3+ ion, so the lattice 

parameters were enlarged, and that shift increases with Nd3+ content, from 2.0 to 5.0%. In 

Figure 39, it was possible to observe a similar shift for the sample doped only with 1.0% wt. 

Nd3+, so the peak shift was not linear with the Nd3+ concentration. For that sample, a further 

consideration could be pointed at the lower crystallinity, as corroborated by the larger full width 

at half maximum (FWHM). Nevertheless, we confirmed that the YAG structure was formed, 

and that the methodology employed here could be useful to produce this phosphor on a large 

scale. 
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As described previously, the YAG crystalline structure could be depicted as a complex 

cube with three different types of polyhedron. In such structure, Y3+ occupies dodecahedral 

sites, and Al3+ occupies both octahedral and tetrahedral sites. A 2:3 Y3+/Al3+ ratio is respected; 

the unit cell contains 8 Y3Al5O12 units; and YAG presents 18 active modes in the infrared 6,36,210. 

We recorded the FTIR spectra of all the YAG:Nd3+ samples and the spectra of 1.0, 3.5 and 

5.0% Nd3+ samples (thermally treated at 1100 ºC for 30 minutes) are displayed in Figure 40, 

which shows the presence of the main bands between 900 and 400 cm-1. 

 

 

Figure 40. FTIR spectra (at KBr medium, cm-1) of the Nd3+:YAG (1.0, 3.5 e 5.0%) powders obtained 

via SP and thermally treated at 1100 ºC for 30 minutes. 

 

On the other hand, the additional crystalline phase observed by XRD (YAM) presented 

a monoclinic crystal structure and P21/c space group, there are four different Y3+ sites in 

asymmetric units of Y4Al2O9. As a consequence, the YAM has 45 active modes in the infrared, 
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so, in the wavenumber range analyzed by FTIR spectra, there are bands from both structures 

resulting from vibrations of the bonds between oxygen atoms and metals (Y-O and Al-O), 

which are in positions 788, 728, 693, 568, 519 and 474 cm-1 214. These bands are assigned to 

the symmetric ν3 (Al-O tetrahedral); ν3 (Al-O); ν3 (Y-O); ν4 symmetric and asymmetric (A-O 

octahedral); ν4 (Y-O) and ν4 symmetric, respectively 209. Most of the bands related to the YAM 

structure are overlapped by the YAG bands, except for the set of three bands between 900-850 

cm-1, related to the asymmetric stretching ν1 (Al-O tetrahedral) and ν (Y-O) in the monoclinic 

structure 25 (better observed in the spectrum of the sample Nd3+:YAG 5.0%). 

After the thermal treatment at 1100 °C for 12 h, the FTIR spectra for the samples doped 

with 1.0, 3.5 and 5.0% of Nd3+ were obtained and are shown in Figure 41. 

 

 

Figure 41. FTIR spectra (at KBr medium, cm-1) of the Nd3+:YAG (1.0, 3.5 e 5.0%) powders obtained 

via SP and thermally treated at 1100 ºC for 12 h. 
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On the basis of the FTIR analyses, all samples presented bands due to the metal-oxygen 

vibrations bonds (e.g., Al-O and Y-O) at 788, 728, 693, 568, 519 and 474 cm-1, as already 

described. The bands at 785 and 725 cm-1 were related to the stretching vibrations of AlO6 in 

octahedral sites, whereas the bands at 483 and 434 cm-1 were attributed to AlO4 in tetrahedral 

sites. Finally, the bands at 692, 564 and 511 cm-1, associated with Y-O vibrations 41,209,214, 

confirmed that the YAG structure emerged, in agreement with the XRD data. It is also possible 

to observe that the 900-850 cm-1, related to the asymmetric stretching ν1 (Al-O tetrahedral) and 

ν (Y-O) in the monoclinic structure bands referring to the YAM structure are not present. 

After this structural study with the YAG particles doped with Nd3+ ions, the other 

materials obtained in this work, Yb3+/Er3+:YAG and Yb3+/Tm3+:YAG particles, were prepared 

by the same methodology and treated directly at 1100 °C, for 12 h, in sequence. Figure 42 

shows the diffractograms of the Yb3+/Er3+:YAG particles, which presented fourteen main peaks 

at 2theta close to 18.1, 21.0, 27.8, 29.7, 33.3, 36.6, 38.2, 41.0, 42.6, 46.5, 52.7, 55.1, 56.1, and 

57.3°, related to the YAG structural (space group Ia3d) planes (211), (220), (321), (400), (420), 

(422), (431), (521), (440), (532), (444), (640), (721), and (642), respectively. The 

diffractograms confirmed that SP and heat treatment afforded the target phase without spurious 

phases for the samples doped with this pair of ions also.  
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Figure 42. XRD patterns of Yb3+/Er3+:YAG (Yb3+/Er3+ % ratio of 12.5/1.25 or 18.75/1.25) particles 

obtained by SP and heat treated at 1100 ºC for 12 h. y axis: normalized intensity. 

 

In the same way, for samples doped with the Yb3+/Tm3+ pair, the acquired patterns for 

all samples (Figure 43) confirmed the Yttrium Aluminum Garnet structure, as YAG phase, as 

corroborated by the JCPDS 33-0040 pattern. 
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Figure 43. XRD patterns of Yb3+/Tm3+:YAG (Yb3+/Tm3+ % ratio of 10/0.5 or 15/0.5) particles obtained 

by SP and heat treated at 1100  ºC for 12 h. y axis: normalized intensity. 

 

The used methodology to obtain the Ln3+:YAG particles depends on aerosol generation. 

Each droplet acts as an individual reaction vessel, and particle morphology results from 

chemical and physical processes taking place inside the droplet. The particles that we obtained 

here were spherical with a broad size distribution, as illustrated in Figures 44 and 45 for the 

Nd3+:YAG, Yb3+/Er3+:YAG and Yb3+/Tm3+:YAG samples, respectively. The SEM images 

revealed that dense spherical particles with sizes ranging between 100 and 2000 nm and average 

diameter of 600 nm were formed, see histogram in Figure 45-(e), resulting from droplet 

coalescence before the drying process due to spatial constraint into SP setup. The morphology 

of the materials obtained by this method depends on the synthesis conditions and precursor 4. 

Herein, polymerization of the precursor boehmite and the solvent evaporation rate 

progressively moved the air/solution interface from the surface to the interior, which culminated 
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in a dense and spherical particle. In fact, the evaporation process could produce a hollow 

particle if the solute diffusion is not efficient, but herein, the use of aluminum alkoxide allowed 

a continuous polymerization process to produce the gel phase, so the three-dimensional 

structure was formed in the precursor and that network will remain in the droplet at the drying 

section. The gel structure allows the solvent evaporation without the precipitation only on the 

surface and it avoids the precursor segregation. In addition, it is possible to observe that even 

after the heat treatment at 1100 °C for 12 h the particles coalescence was not noted. 
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Figure 44. SEM images of the Nd3+:YAG ((a) 1.0, (b) 2.0, (c) 2.5, (d) 3.0, (e) 3.5, (f) 4.0, (g) 4.5 and 

(h) 5.0%) powders obtained by SP and thermally treated at 1100 ºC for 12 h. Scale bar = 1 µm. 
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Figure 45. SEM images of the Yb3+/Er3+:YAG (Yb3+/Er3+ % ratio of (a) 12.5/1.25 and (b) 18.75/1.25), 

and Yb3+/Tm3+:YAG (Yb3+/Tm3+ % ratio of (c) 10/0.5 and (d) 15/0.5) powders obtained by SP and 

thermally treated at 1100 ºC for 12 h. Scale bar = 1 µm. (e) Typical diameter distribution from SP 

samples, that result was obtained from the Nd3+:YAG (3.5%) sample. 
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After the structural and morphological characterization of the particles, the next 

paragraphs will show their luminescent properties studied via photoluminescence spectroscopy. 

And the results will be presented individually for each ion and/or ion pair doping. 

 

4.2. Spectroscopic characterization 

4.2.1. Nd3+:YAG particles 

Nd3+-doped YAG is a well-known material for photonic applications, so we investigated 

the luminescent properties of the samples prepared by SP. In Figure 46 it was possible to 

corroborated the additional crystalline phase already discussed in the XRD analyses. The 

emission spectrum of the sample with 1.0% doping, treated at 1100 °C for 30 minutes showed 

two narrow bands between 937 and 945 nm attributed to the 4F3/2 → 4I9/2 transition. From 1040 

to 1140 nm, there were eleven well-resolved bands concerning the 4F3/2 → 4I11/2 transition; the 

most intense band appeared at 1064 nm. Finally, the region from 1320 to 1360 nm contained 

bands of low intensity, assigned to the 4F3/2 → 4I13/2 transition 39,214,215. 

In addition, the YAM phase contribution in that spherical particle was also confirmed. 

Indeed, Figure 46 shows the different profile for the 4F3/2 → 4I9/2 transition: Nd3+ insertion into 

the monoclinic structure led to three extra bands between 1080 as 1100 nm (*) as compared to 

the pure YAG spectral profile. These bands agreed with the characteristic emission of Nd3+ 

incorporated into a monoclinic structure, with C1 symmetry 216. 
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Figure 46. Emission (λex = 808 nm) spectra of the Nd3+:YAG (1.0%) powders obtained by SP and 

thermally treated at 1100 ºC for 30 minutes. Focus for 1050-1150 nm region.  

 

After thermal treatment at 1100 °C for 12 h, the emission spectra of the samples were 

again obtained, as well as the excitation spectra, as shown in Figure 47. 
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Figure 47. (a) Excitation (λem = 1064 nm) and (b) emission (λex = 808 nm) spectra of the Nd3+:YAG 

(X%) powders obtained by SP and thermally treated at 1100 ºC for 12 h, and (c) zoom at the spectral 

range from 1050-1080 nm, and (d) from 1040-1150 nm for Nd3+:YAG (1.0%) sample. 

 

The excitation spectra (Figure 47-(a)) were acquired by monitoring the 4F3/2 → 4I11/2 

transition at em= 1064 nm. The spectra were compatible with a highly crystalline sample that 

displayed narrow and well-resolved bands characteristic of the Nd3+ f-f transitions in the YAG 

structure. For the Nd3+:YAG samples, the bands were attributed as follows: (1) 325–375 nm 

(4I9/2 → 4D3/2, 
4D1/2), (2) 425–440 nm (4I9/2 → 2D5/2), (3) 450–470 nm (4I9/2 → 4G9/2, 

4G11/2, 

2K15/2), (4) 500–550 nm (4I9/2 → 4G7/2, 
4G9/2, 

2K13/2), (5) 560–600 nm (4I9/2 → 4G5/2, 
4G7/2, 

2H11/2), 

(6) 660–700 nm (4I9/2 → 4F9/2), (7) 725–775 nm (4I9/2 → 4F7/2, 
4S3/2), and (8) 780–825 nm (4I9/2 

→ 4F5/2, 
5H9/2). The emission spectra of the Nd3+:YAG samples (Figure 47-(b), λex= 808 nm-

laser) displayed the bands that are typical of the f-f transitions from Nd3+ replacing Y3+ at 

dodecahedral sites (D2 symmetry) in the YAG cubic structure. The two narrow bands (9) 

between 937 and 945 nm were attributed to the 4F3/2 → 4I9/2 transition. From 1040 to 1140 nm 

(10), there were eleven well-resolved bands concerning the 4F3/2 → 4I11/2 transition; the most 
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intense band appeared at 1064 nm. Finally, the region from 1320 to 1360 nm (11) contained 

bands of low intensity, assigned to the 4F3/2 → 4I13/2 transition, and the Figure 47-(c) shows the 

zoom of the spectral range from 1050-1080 nm 39,214,215. Figure 47-(d) shows the zoom of the 

spectral range from 1040-1150 nm where it is possible to observe the absence of bands 

belonging to the YAM phase, when compared to the spectrum in the Figure 46. For all the 

samples, the same emission profile is observed under excitation with Xe lamp, in 526 nm, 

showed in Figure 48. 

 

 

Figure 48. Emission (λex = 526 nm) spectra of the Nd3+:YAG (X%) powders obtained by SP and 

thermally treated at 1100 ºC, X =1.0, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 and 5.0% Nd3+ (mol/mol in relation to 

Y3+). 

 

We recorded the photoluminescence decay curves for the Nd3+ 4F3/2 excited state in the 

YAG lattice for the eight samples (Figure 49). These values agreed with the data reported for 
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similar materials doped with 1.0, 2.0, 3.0, and 4.0% Ln ion: 0.227, 0.184, 0.153, and 0.095 ms 

41,217,218, respectively, as shown in the Table 10.  

 

 

Figure 49. Photoluminescence decay curves of the Nd3+ 4F3/2 state (λex = 526 nm) in the Nd3+:YAG (X%) 

particles obtained via SP and thermally treated at 1100 ºC. (a) Normalized Intensity vs time, and (b) 

Ln(INormalized) vs time. 

 

We calculated the lifetimes by the relation I0/e for all obtained concentrations (1.0, 2.0, 

2.5, 3.0, 3.5, 4.0, 4.5 or 5.0 %), and the experimental values were around 0.255, 0.221, 0.196, 

0.166, 0,156, 0.141, 0.145 and 0.139 ms, respectively (Table 10). The lifetime decreased with 

increasing Nd3+ concentration, the smaller observed value was 0.139 ms (5.0%), which could 

result from a quenching effect due to the high concentration of the emitting ion. The higher 

Nd3+ content can reduce the average distance between the Ln centers, and as a consequence, 

there is an increasing in the probability of nonradiative energy transfer among them and the 

emitted level could be depopulated 122. 

 

Table 10. Lifetime values for the Nd3+ 4F3/2 excited state in the YAG matrices for samples obtained in 

this work (t.w.) compared to others reported in the literature 

 

SAMPLE 

 

LIFETIME (ms) 

 

ref. 

Nd3+:YAG (1.0%) 0.255 t.w. 

Nd3+:YAG (1.0%) 0.227 41 
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Nd3+:YAG (2.0%) 0.221 t.w. 

Nd3+:YAG (2.0%) 0.184 218 

Nd3+:YAG (2.5%) 0.196 t.w. 

Nd3+:YAG (3.0%) 0.166 t.w. 

Nd3+:YAG (3.0%) 0.153 41 

Nd3+:YAG (3.5%) 0.156 t.w. 

Nd3+:YAG (4.0%) 0.141 t.w. 

Nd3+:YAG (4.0%) 0.095 217 

Nd3+:YAG (4.5%) 0.145 t.w. 

Nd3+:YAG (5.0%) 0.139 t.w. 

 

4.2.1.1. Composited films by SF + Nd3+:YAG particles 

The Nd3+:YAG particles were used to produce new luminescent material based in the 

SF matrix, so composite films were obtained as self-supported films with six different Nd3+ 

concentration particles. Once the particles were immersed in aqueous SF solution and the films 

prepared at low temperature (45 ºC), luminescence quenching could occur. To check this, the 

films were also characterized by the photoluminescent spectroscopy and Nd3+ ions properties 

were evaluated into the matrix.  

The excitation spectra (Figure 50, on the left) were acquired by monitoring the 4F3/2 → 

4I11/2 transition at em= 1064 nm. The spectra were compatible with the Nd3+:YAG particles, 

and the bands were attributed as follows: 325–375 nm (4I9/2 → 4D3/2, 
4D1/2), 425–440 nm (4I9/2 

→ 2D5/2), 450–470 nm (4I9/2 → 4G9/2, 
4G11/2, 

2K15/2), 500–550 nm (4I9/2 → 4G7/2, 
4G9/2, 

2K13/2), 

560–600 nm (4I9/2 → 4G5/2, 
4G7/2, 

2H11/2), 660–700 nm (4I9/2 → 4F9/2), 725–775 nm (4I9/2 → 4F7/2, 

4S3/2), and 780–825 nm (4I9/2 → 4F5/2, 
5H9/2). In emission spectra, Figure 50, on the right (λex= 

808 nm), is possible to observe that the Nd3+ ions’ spectroscopic proprieties were held. In all 

spectra it was observed two narrow bands between 937 and 945 nm, attributed to the 4F3/2 → 
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4I9/2 transition; from 1040 to 1140 nm, eleven well-resolved bands concerning the 4F3/2 → 4I11/2 

transition; the most intense band appeared at 1064 nm; and finally, in the region from 1320 to 

1360 nm bands of low intensity, assigned to the 4F3/2 → 4I13/2 transition. 

 

 

Figure 50. (left) Excitation (λem= 1064 nm) and (right) emission (λexc= 808 nm) spectra of the SF-

Nd3+:YAG (2.5, 3.0, 3.5, 4.0, 4.5, and 5.0%) films.  

 

Based on these results, these self-supporting materials based on Nd3+:YAG particles will 

be tested for possible RL emission, in order to obtain a self-supported material able of acting 

as a laser from the combination of multiple scatterings. 

 

4.2.2. Yb3+/Er3+:YAG particles 

The Yb3+/Er3+ pair is well-known for UC process, and herein, the luminescence 

properties of the particles by photoluminescence spectroscopy were studied. The excitation 

spectra of the Yb3+/Er3+:YAG particles (Figure 51, obtained by monitoring the 2F7/2 → 2F5/2 

transition at 980 nm) displayed narrow bands attributed to the f-f transitions at 380 (4I15/2 → 

4G11/2), 407 (4I15/2 → 2H9/2), 448 (4I15/2 → 4F5/2), 486 (4I15/2 → 4F7/2), 522 (4I15/2 → 2H11/2), 541 

(4I15/2 → 4S3/2) ,and 644 nm (4I15/2 → 4F9/2). In addition, monitoring the emission at 1550 from 

Er3+, the excitation spectra showed the transitions 4I15/2 → 4I9/2 at 793 nm and 4I15/2 → 4I11/2 at 

969 nm from Er3+ ion, and the transition 2F7/2 → 2F5/2 centered at 940 nm resulting from the 

absorption from Yb3+ into the matrix 12. The YAG bandgap values depend on the synthesis 

methodology: experimental bandgap values of 6.4 – 7.2 eV (193 – 174 nm) for YAG structures 

have been reported 219. Here, we recorded the excitation spectra at lower energy than expected 
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to observe the bandgap of the YAG matrix. Thus, the broad band below 300 nm could be related 

to the O-Ln3+ charge-transfer band 220. The emission spectra showed the characteristic 

transitions of Er3+ ion from 1450 to 1600 nm (4I13/2 → 4I15/2) with several level Stark resulting 

from the presence of that ion replacing the Y3+ at dodecahedral sites (D2 symmetry) in the YAG 

cubic structure. The emission from Yb3+ ions (transition 2F5/2 → 2F7/2) was also observed at 

1030 nm 221,222. 
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Figure 51. (first and second lines) Excitation (λem = 980 nm and 1550 nm) and (third line) emission 

spectra (λex = 260 and 522 nm) from Yb3+/Er3+:YAG (Yb3+/Er3+ % radio of 12.5/1.25 on the left and 

18.75/1.25 on the right) powders after heat treatment at 1100 ºC for 12 h. 

 

The UC emissions from YAG particles were visible to the naked eye, under 980-nm 

laser excitation. Both Yb3+ and Er3+ ions could be excited at 980 nm by means of f-f transition 
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like 2F7/2 → 2F5/2 for Yb3+ and 4I15/2 → 4I11/2 for Er3+ 79. Figure 52 illustrates the UC emission 

spectra, acquired under laser excitation at 980 nm for several pump power values. Regardless 

of the laser power, we verified the green and red emissions, related to the 2H11/2, 
4S3/2 → 4I15/2 

and 7F9/2 → 4I15/2 transitions 79, respectively. 

 

 

Figure 52. UC emission (λex = 980 nm) spectra, on the left, of the Yb3+/Er3+:YAG (Yb3+/Er3+ % radio of 

(a) 12.5/1.25 and (b) 18.75/1.25) samples, after heat treatment at 1100 ºC for 12 h. On the right shows 

the relationship I ∝ Pn at a log vs log graph for UC emission in the green and red regions.  

 

Determining the number of photons involved in UC could help us to understand the UC 

mechanism and to determine whether a secondary process, such as cross-relaxation, took place 

223,224. Therefore, we analyzed the emission intensity (I) as a function of the pump power (P) 

under 980-nm excitation (Figure 52) for all the particles. We calculated the number of photons 
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n required to populate each Er3+excited emitting level (like 2H11/2, 
4S3/2, or 7F9/2) from the 

relationship I ∝ Pn 225: this relationship has linear slope for each UC band, so n can be obtained 

from the calculated angular coefficient. For all the UC bands, we found n = 2, within the 

experimental error. Specifically for the Yb3+/Er3+:YAG (Yb3+/Er3+ % ratio of 12.5/1.25) and 

Yb3+/Er3+:YAG (Yb3+/Er3+ % ratio of 18.75/1.25) particles, the angular coefficient values in the 

green and red region were 2.21 and 1.93, and 2.20 and 1.95, respectively. 

These results agreed with the ETU mechanism for UC emission. In this mechanism, two 

distinct ions interact. A sensitizer ion that absorbs most of the photons, and an activator or 

emitter ion, which receives the energy from these absorbed photons in a non-radiative way 78. 

ETU is the most efficient mechanism and is usually observed in systems co-doped with the 

Yb3+/Er3+ pair, where Yb3+ ions sensitize Er3+ ions which are the activators. This is possible 

because Yb3+ ions have larger absorption cross-section, so they are more effectively excited 

with 980-nm radiation (2F7/2 → 2F5/2), subsequently transferring energy to Er3+ ions metastable 

excited state is 4I13/2 (1). The highest energy states that can be populated in the sequence are 

2H11/2 (2), 4S3/2 (3) and 4F9/2 (4), which will emit in the visible spectral region via 2H11/2 → 4I15/2, 

4S3/2 → 4I15/2 and 4F9/2 → 4I15/2 transitions  79, as shown in Figure 53. 

 

 

Figure 53. Partial diagram of energy levels for the Yb3+ and Er3+ ions, showing the UC mechanism by 

steps from (1) to (4). 
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We did not observe any predominant cross-relaxation process for the studied Ln 

concentrations. Furthermore, the luminescent performance of the particles was suitable for the 

studies at different temperatures, which will determine their thermometry behavior. 

 

4.2.2.1. Composited films by SF + Yb3+/Er3+:YAG particles 

In the same way, because the Yb3+/Er3+:YAG particles become dispersed in the SF 

matrix, we decided to prepare SF-Yb3+/Er3+:YAG composite films from particles we obtained 

self-supported films with different concentrations of the particles, and we wanted to ensure that 

the Yb3+ ion concentration would guarantee efficient excitation even in the SF-Yb3+/Er3+:YAG 

composite film with small amount of Yb3+/Er3+:YAG particles. Thus, we used four particle 

concentrations to produce different systems, as described in section 3.2.3.2. We designated 

these one as I, II, III, and IV for each Yb3+/Er3+:YAG particle (Yb3+/Er3+ % ratio of 12.5/1.25 

or 18.75/1.25), and the amounts of particles we used were 50, 5.0, 2.5 and 1.0 mg, respectively, 

for a constant proportion of SF solution. 

We also evaluated UC emission of the SF-Yb3+/Er3+:YAG composite films by 

photoluminescence spectroscopy, at 980-nm excitation. The emission spectra of films I to IV 

for both Yb3+/Er3+:YAG particles (Yb3+/Er3+ % ratio of 12.5/1.25 or 18.75/1.25) are shown in 

Figure 54. We also plotted the log-log relation of the emission intensity (I) as a function of P 

under 980-nm excitation (Figure 54) for all the SF-Yb3+/Er3+:YAG composite films. As 

expected, the relationship gave a linear slope for each UC band, and n was 2. 
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Figure 54. (first line) UC emission spectra (λex = 980 nm) of the SF-Yb3+/Er3+:YAG (Yb3+/Er3+ % radio 

of (a) 12.5/1.25 and (b) 18.75/1.25) composite films. (second line) UC emission spectra of film I (higher 

amount of Yb3+/Er3+:YAG particles) for several P values. The third line shows the relationship I ∝ P n 

at a log vs log graph for UC emission in the green and red regions. 
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Therefore, we confirmed that UC emission was related to the Yb3+/Er3+couple in the 

YAG matrix for all the SF-Yb3+/Er3+:YAG composite films, and that the UC process also 

occurred in the composite films with smaller amount of Yb3+/Er3+:YAG particles, which was 

also more transparent, see picture in Figure 31. In conclusion, the UC emission has been 

detected in SF-based materials, and the ratio of particles allowed us to control the transparence 

of the self-supported films, which should allow their use as sensor or smart ink, for example, in 

security applications such as anti-counterfeiting 93. As well as the particles, these systems were 

analyzed for their thermometry properties. 

 

4.2.3. Yb3+/Tm3+:YAG particles 

As observed to Er3+ ions, the Tm3+ ions show emission in visible and near-infrared 

spectrum by UC process, and the luminescence properties of the particles by 

photoluminescence spectroscopy were also studied. The excitation spectra were obtained (λem= 

800 nm, Figure 55, at 3H4 → 3H6 transition) and the three main bands observed are related to 

the following transitions and wavelengths: 3H6 → 1I6 (265 nm), 3H6 → 1D2 (356 nm), 1G4 (457 

nm) and 3F2,3 (679 nm) 226,227. The excitation spectra monitoring the emission from Yb3+ ions 

(transition 2F5/2 → 2F7/2) at 980 nm showed a broad band below of 350 nm related to the O-Yb3+ 

charge-transfer band 220. At higher concentration of Yb3+ in the sample, a low band attributed 

to Tm3+ transition (3H6 → 3F2,3 (679 nm)) was noted. But, the Yb3+ → Tm3+ energy transfer 

could be confirmed by the excitation spectra monitoring the Tm3+ emission at 1600 nm (3F4 → 

3H6), beyond the characteristic excitation bands from Tm3+ as 3H6 → 1D2 (356 nm), 1G4 (457 

nm), 3F2,3 (679 nm) and 3H4 (789 nm) 226,227, the transition 2F7/2 → 2F5/2 centered at 940 nm 

resulted from the absorption from Yb3+ into the matrix was noted. 
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Figure 55. Excitation spectra (λem = 800, 980 and 1600 nm) from Yb3+/Tm3+:YAG (Yb3+/Tm3+ % radio 

of 10/0.5 on the left and 15/0.5 on the right) powders after heat treatment at 1100 ºC for 12 h. 

 

The UC emission spectra were acquired under several laser power, Figure 56. It was 

possible to observe, in both samples, a low intense band in 625-700 nm (red spectra) due to 1G4 

→ 3F4 and 3F2,3 → 3H6 transitions, a medium intense band around 477 nm (blue) attributed to 
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1D2 → 3H5 transition, and a high intense band nearly 800 nm (NIR) due to 3H4 → 3H6 transition 

from Tm3+ ions 228. The number of photons involved in UC process were determined as 

described by Pollnau et.al. 225. For Yb3+/Tm3+:YAG (10/0.5) and Yb3+/Tm3+:YAG (15/0.5) 

samples, the coefficient angular values for blue and NIR region were 2.9 and 1.9, and 2.8 and 

1.8, respectively.  

 

 

Figure 56. (left) UC emission (λex = 980 nm) spectra of the Yb3+/Tm3+:YAG (Yb3+/Tm3+ % radio of (a)-

10/0.5 and (b)-15/0.5) samples, after heat treatment at 1100 ºC for 12 h. The right shows the relationship 

I ∝ Pn at a log vs log graph for UC emission in the blue and NIR regions. 

 

These results suggested an ETU mechanism depending of 3 photons for the blue 

emission. In this mechanism, the electrons in ground state of the Tm3+ ions (3H6) can be excited 

to the highest energy state 3H5, described by 3H6 (Tm3+) + 2F5/2 (Yb3+) → 3H5 (Tm3+) + 2F7/2 

(Yb3+) 78 (1). In sequence, the Tm3+ ions can non-radiatively decay to the 3F4 level (2), and, the 
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same ions in this same level can be excited by energy transfers from another excited Yb3+ ions, 

and then get to the 3F2,3 level (3). From this level, the 3F2,3 → 3H6 transition (~ 706 nm) can 

occur, or else, the electrons can go to the level 3H4 (4), that in turn can be excited at the 1G4 

level by 3H4 (Tm3+) + 2F5/2 (Yb3+) → 1G4 (Tm3+) + 2F7/2 (Yb3+) (5). In summary, by the union 

of the Yb3+/Tm3+ pair under 980 nm excitation, it is possible to observe bands around 477, 650 

and 800 nm, referent to 1D2 → 3H5, 
1G4 → 3F4, and 3H4 → 3H6 transitions, respectively, as 

shown in Figure 57. 

 

 

Figure 57. Partial diagram of energy levels for the Yb3+ and Tm3+ ions, showing the UC mechanism by 

steps from (1) to (5). 

 

The last one (3H4 → 3H6) is more intense due to the fact that the mechanism involved is 

only for 2 photons, whereas the transition situated in blue region (1D2 → 3H5 and 1G4 → 3H6) 

occurs by a mechanism that involves 3 photons 88. 

 

4.2.3.1. Composited films by SF + Yb3+/Tm3+:YAG particles 

Aiming to obtain an UC luminescent self-supported film, composited films from SF and 

the YAG particles doped with Yb3+ and Tm3+ ions (section 3.2.3.3) were characterized also by 
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the photoluminescent spectroscopy, and Tm3+ ions properties were evaluated into the matrix. 

In Figure 58 was possible to observe that UC behavior were kept, and the UC emission bands 

in blue and NIR regions were observed, as also a naked eye.  

 

 

Figure 58. Emission (λex = 980 nm) spectra of the SF-Yb3+/Tm3+:YAG (10/0.5) composite films 

obtained with (I-black line) 50, (II-blue line) 5.0, and (III-red line) 2.5 mg of the particles. Emission 

spectra of (I) composite film in the blue region, and log–log plots of the laser power dependence of the 

UC emission intensity under 980-nm excitation in the blue region. Chromaticity diagrams of 1. 

Yb3+/Tm3+:YAG (10/0.5), 2. Yb3+/Tm3+:YAG (15/0.5), and 3. SF-Yb3+/Tm3+:YAG (10/0.5) samples 

obtained in the visible region. 

 

The number of photons involved in UC process were also determined, Figure 58, on the 

right, the UC emission spectra for the SF-Yb3+/Tm3+:YAG (10/0.5) composited film were 
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acquired under several laser power (P), and the coefficient angular values obtained for blue 

region was equal to 2.7. 

Figure 58 also show the chromaticity diagram, that presents the coordinates of color 

emission for two powders and the film samples: points (1) Yb3+/Tm3+:YAG (10/0.5), (2) 

Yb3+/Tm3+:YAG (15/0.5), and (3) SF-Yb3+/Tm3+:YAG (10/0.5). For all samples, it was possible 

to observe that the materials emit in the blue region, confirming our initial aims, so the self-

supported film composited by SF and Yb3+/Tm3+:YAG (10/0.5) particles is a potential material 

to be use as blue-emitting markers or 3D-ink applied in anti-counterfeit technology. 

In conclusion of this part, we present an efficient way to obtain blue emission by UC 

process in SF composites. The strategy was protecting the Ln ion from quenching process e.g. 

phonon deexcitation from protein structure, and for that YAG particles doped with Yb3+ and 

Tm3+ ions were obtained via SP and used to prepare a self-supported film with SF. All materials 

(powders and films) were fully characterized, and the blue color emission due to 1D2 → 3H5 

transition from Tm3+ ion, under 980 nm excitation in the Yb3+ ion was observed, also a naked 

eye. These films, in turn, kept the SF properties as self-supporting and biodegradable, and had 

the emission properties of Ln ions present. In the end, this new material, flexible, self-

supporting, and prepared from a low-cost substrate, can be considered as a potential material 

for the applying as an anti-counterfeiting device, since its emission spectrum is well resolved, 

with fine lines, and with bands located in the blue spectral region, which appears from selective 

excitation at 980 nm and UC process involving 3 photons, which makes it more difficult to play 

under any conditions. In addition, this material could also be applied as a surface coating or 

used as an ink for 3D printers.  

 

4.3. Photonic applications 

4.3.1. Random LASER emission in Nd3+:YAG particles 

Nd3+-based RL have been demonstrated using different crystals and glasses as hosts, 

and different pump wavelengths. An optical thermometer based on a two-color Nd RL has also 

been demonstrated 121. As a proof of concept for an application the material developed here, we 

show in this section that the SP synthesized Nd3+:YAG can operate as a RL, with characteristics 

similar to those found in the literature. The spectra obtained at three different excitation energies 

for all the samples are showed in Figure 59. 
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Figure 59. Emission spectra at three different excitation energies (transition 4F3/2 → 4I11/2) in the Nd3+ 

doped samples 1.0, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 and 5.0%. 
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RL emission was readily obtained for samples with the available concentrations of 2.5, 

3.0, 3.5, 4.0, 4.5 and 5.0%, where is possible to observe the spectral narrowing of the Nd3+ 

photoluminescence band. The emitted intensity versus excitation energy for three 

concentrations (2.5, 3.5 and 5.0%, for the sake of clarity) is shown in Figure 60, on the left. As 

can be seen, as the concentration increases, the threshold decreases, a behavior already seen in 

other Nd-based RLs 122. At 5.0% concentration, a threshold of 0.2 mJ (0.1 mJ/mm2) is inferred, 

which is almost five times smaller than for the 2.5% concentration sample. The full width at 

half maximum (FWHM) linewidth narrowing for the same concentration are shown in the same 

figure, on the right.  

 

 

Figure 60. (left) Corresponding output peak intensity vs the EPE for powders and (right) FWHM of the 

Nd3+ emission with peak at 1064 nm for 2.5%, 3.5% and 5.0%. 

 

A very steep narrowing, characteristic of Ln based RL was observed. Plotted in Figure 

61 are the thresholds and bandwidth reduction versus concentration, for all 5 samples with 

indicated concentrations, showing that the final linewidth varies by 20% upward as the Nd3+ 

concentration increases from 2.5% to 5.0%, whereas the threshold reduces a factor of 5. 
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Figure 61. RL EPE threshold and FWHM in function of the Nd3+ concentration. 

 

This work presented an efficient synthesis methodology to obtain Nd3+:YAG particles. 

The light scattering resulted from the broad size distribution of particles, initially would be a 

trouble for photonic application, but not for RL since the resulted emission light scattering is 

important to trapping light in random walks inside the material until the gain overcomes the 

loss. Herein, the obtained materials were produced with different Ln contents, and the RL 

emission gain was affected, with threshold values lower than that observed for other Nd3+ ion 

based RL studies (Table 11). For example, Azkargorta et. al. prepared a YAG crystal doped 

with 1.0% of Nd3+ ions (YAG1%Nd) and the threshold observed was 8 mJ/mm2 39. In 2015, 

Moura et. al. prepared KGd(WO4)2:Nd3+ crystal powder with 4.0% of Nd3+ and the threshold 

was 6.5 mJ/mm2 67. In the next year, Moura et. al. demonstrated a RL emission in 

Nd0.10Y0.90Al3(BO3) with threshold value equal to 0.40 mJ/mm² 69. Carreño et. al., in its turn, 

prepared NdxY1.00−xAl3(BO3)4 nanocrystals powders, and with 4.0, 40.0 and 80.0%, the 

threshold values were 0.40, 0.31 and 0.27 mJ/mm2, respectively 229. In our group, were prepared 

Y1-xNdxAl3(BO3)4 powders doped with 20.0, 40.0, 60.0 and 80.0%-Nd3+ and the threshold 

values were 0.38, 0.34, 0.31 and 0.25 mJ/mm2, respectively 230. 
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Table 11. Values of the threshold for different Nd3+-doped materials reported in the literature and 

obtained in this work (t.w.) 

 

MATERIAL 

 

THRESHOLD (mJ/mm2) 

 

ref. 

Nd3+:YAG (2.5%) 0.57 t.w. 

Nd3+:YAG (3.0%) 0.40 t.w. 

Nd3+:YAG (3.5%) 0.36 t.w. 

Nd3+:YAG (4.0%) 0.30 t.w. 

Nd3+:YAG (4.5%) 0.21 t.w. 

Nd3+:YAG (5.0%) 0.10 t.w. 

YAG1%Nd 8 39 

KGd(WO4)2: Nd3+ 6.5 67 

Nd0.10Y0.90Al3(BO3) 0.4 69 

Nd0.04Y0.96Al3(BO3)4 0.40 229 

Nd0.4Y0.6Al3(BO3)4 0.31 229 

Nd0.8Y0.2Al3(BO3)4 0.27 229 

Y0.8Nd0.2Al3(BO3)4 0.38 230 

Y0.6Nd0.4Al3(BO3)4 0.34 230 

Y0.4Nd0.6Al3(BO3)4 0.31 230 

Y0.2Nd0.8Al3(BO3)4 0.25 230 
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In Figure 62 the temporal behavior of the emission well below (first column) and well 

above (second column) threshold clearly proofs that RL emission is occurring. As the RL 

emission occurs through stimulated emission, the high number of atoms in the excited state 

during this process results in a decrease in the lifetime. It should be emphasized that the focus 

position of the input beam was optimized for the best beam diameter on the sample. The value 

of the energy density at threshold is as low as reported before 39,67,122 making the Nd3+:YAG 

RL very competitive for potential applications. 
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Figure 62. Temporal behavior for Spontaneous emission and Lasing emission for Nd3+ doped sample 

2.5, 3.0, 3.5, 4.0, 4.5 and 5.0%. 
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In conclusion of this part, we have successfully synthesized YAG microparticles with 

Nd3+ ions by SP, which is a highly flexible methodology, since different precursors as 

suspensions or solutions could be nebulized, just by control the surface tension. In addition, 

pyrolysis may be conducted at high temperatures and only depends on the furnace temperature 

and gas flow, so different phases may be achieved in one step. Apart from affording high yield, 

this methodology can be scaled up from a lab setup to industrial production without byproducts 

being generated. Herein, the pyrolysis procedure adopted was fast, then the powder obtained 

by SP did not form a crystalline YAG lattice in one step. However, further heat treatment at 

1100 °C for 12 h produced highly crystalline, spherical, dense, non-coalesced particles, as 

confirmed by electron microscopy and XRD analysis. The expected Nd3+ spectroscopic profile 

emerges, and the narrow emission bands corroborate the assumption that the Ln ions replace 

Y3+ ions at dodecahedral sites (D2 symmetry) in the YAG cubic structure. The radius difference 

between Y3+ and Nd3+ ion was responsible by a little change on the lattice parameters, but no 

spurious phases were formed, and pure YAG structure was obtained. The increase of Nd3+ 

concentration was followed by the lifetime decrease, as expected, due to a quenching of the 

excited level by the concentration effect. Moreover, the intense emission at 1064 nm, 

concerning the 4F3/2 → 4I11/2 transition, was studied on RL emission as a result of different Nd3+ 

contents, and as the concentration of Nd3+ ion increases, the threshold energy decreases, e.g., 

the sample doped with 5.0% of neodymium, the threshold was 0.2 mJ, almost five times lower 

than for the 2.5% concentration sample. In conclusion, a Nd3+:YAG micropowder RL was 

demonstrated as a proof of concept for a future application, with characteristics similar to other 

Nd3+ based RL reported in the literature. 

 

4.3.2. Temperature measurement by up-conversion process in 

Yb3+/Er3+:YAG particles and its composite films  

We evaluated the thermal dependence of the green UC emission of the Yb3+/Er3+:YAG 

particles. Figure 63 shows the green UC emission for both particles under excitation at 980 nm, 

at different temperatures (from 293 to 473 K). We normalized the spectra with respect to the 

2H11/2 → 4I15/2 transition (523.5 nm) to show the relative emissions intensities. The populated 

excited levels (2H11/2 and 4S3/2) behave distinctly with temperature, and the intensity of the 4S3/2 

→ 4I15/2 transition decreased slightly in relation to the intensity of the 2H11/2 → 4I15/2 transition, 

indicating potential sensitivity for thermometry. 
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Figure 63. Temperature dependent UC 3D emission spectra (λexc = 980 nm, from 293 K to 473 K) of 

the Yb3+/Er3+:YAG (Yb3+/Er3+ % radio of 12.5/1.25 and 18.75/1.25) particles in the green range (500-

580 nm) normalized as a function of the band at 523.5 nm. 

 

Figure 64 illustrates the dependence of the green UC intensity for transitions from both 

the 2H11/2 and 4S3/2 levels separately as a function of the temperature. The 2H11/2 and 4S3/2 levels 

had a difference of energy (ΔE) of about 1035 cm-1 for both particles. To calculate ΔE, we 

plotted one representative spectrum for each particle, so we were able to determine the 

barycenter of each transition and to obtain ΔE. The ΔE values confirmed that the 2H11/2 and 

4S3/2 levels were thermally coupled; that is, when the temperature was increased, the electron 

in the 4S3/2 level was thermally excited to the 2H11/2 level, consequently increasing the relative 

intensity of the 2H11/2 → 4I15/2 transition. Hence, the population of electrons in these levels could 

respect the Boltzmann distribution, and the Fluorescence Intensity Ratio (FIR) as a function of 

temperature (T) could be described by 231: 

                             FIR = 
𝑰𝑯

𝑰𝑺
  = A exp(−

𝜟𝑬

𝒌𝑻
)                                      Equation 22 

 

where IH and IS, respectively, are the integrated intensities of the 2H11/2 → 4I15/2 and 4S3/2 → 

4I15/2 transitions; A is a constant that contains their spontaneous emission rates; ΔE is the energy 

gap between the coupled excited 2H11/2 and 4S3/2 energy levels; k is the Boltzmann constant; 

and T is the absolute temperature. 

 

Equation 22 can be rewritten as a linear equation: 

                                        ln(FIR) = ln(A) − 
𝜟𝑬

𝒌𝑻
                           Equation 23 
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According to Equation 23, we verified the best linearity for the plot of ln(FIR) versus 

1/T 86  for the Yb3+/Er3+:YAG particles. As we increased the amount of Yb3+, the linear slope 

became far from 1. Tian et. al. 232 observed a similar effect—they found that the Yb3+ ion can 

reduce the radiative transition rate between the 2H11/2 and 4S3/2 levels by an energy back-transfer 

mechanism, so that high Yb3+ concentration could decrease thermal sensitivity 232–234. 
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Figure 64. (first line) Fluorescence intensity ratio (FIR for 2H11/2/4S3/2) as a function of temperature 

(1/T), (second line) integrated intensity of the S and H bands as a function of temperature (T), and (third 

line) relative sensitivity as a function of temperature. (fourth line) Temperature measurement 

repeatability of FIR for 2H11/2/4S3/2 for ten cycles between 293 and 393 K. Columns are related to 

Yb3+/Er3+:YAG particles with Yb3+/Er3+ % radio of 12.5/1.25 and 18.75/1.25, respectively.  
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The relative sensitivity (Sr) is an important parameter to evaluate the thermometry 

performance and potential application of materials 235 and allows us to compare the materials 

obtained herein with other materials reported in the literature 86.  

 

                                  Sr = 
𝜟𝑬

𝒌𝑻𝟐
 x 100%                                       Equation 24 

 

 

The third line of Figure 64 shows Sr as a function of temperature for all the particles. 

We verified maximum Sr at the lower temperature, 293 K, and obtained Sr values of 0.54 % K-

1 and 0.24 % K-1 for the Yb3+/Er3+:YAG particles with Yb3+/Er3+ % ratio of 12.5/1.25 and 

18.75/1.25, respectively. As discussed above, the particles with low Yb3+ concentration 

presented the highest Sr due to the role that Yb3+ ions play in energy transfer mechanisms. 

Moreover, these Sr values agreed with the Sr values of other materials found in the literature, as 

showed in Table 12. 

 

Table 12. Values of the absolute and relative sensitivities (Sabs and Sr) at a certain temperature (Tmax) 

for different Yb3+/Er3+-doped materials reported in the literature and obtained in this work (t.w.) 

 

MATERIAL 

 

Tmax (K) 

 

Sabs (x10-3 K-1) 

 

Sr (% K-1) 

 

ref. 

Yb3+/Er3+:YAG (12.5/1.25) 293 2.25 0.54 t.w. 

Yb3+/Er3+:YAG (18.75/1.25) 293 1.95 0.24 t.w. 

Yb3+/Er3+:YAG ----- 4.8 (577 K) 1.3 (298 K) 87 

Yb3+/Er3+:TeO2–WO3 glass 690 2.6 0.20 85 

Yb3+/Er3+:tellurite glass 473 8.9 0.53 235 

Yb+3/Er3+:La2Ti2O7 333 5.7 0.63 236 

Yb3+/Er3+:silicate glass 296 3.3 0.63 237 

Yb3+/Er3+:BaMoO4 ----- 1.15 (430 K) 1.07 (293 K) 238 
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Yb3+/Er3+:GdVO4 307 ----- 1 239 

Yb3+/Er3+:Ba5Y8Zn4O21  ----- 3.9 (563 K) 1.36 (293 K) 240 

 

The slight difference between our results and the results reported in the literature was 

satisfactory if we consider that the material described in the literature was a single crystal. 

Finally, the temperature response repeatability of the particles upon ten heating-cooling cycles 

(293 to 393 K, Figure 64) allowed us to conclude that these materials presented rapid and 

sensitive response to abrupt changes in temperature and confirmed their stability, good 

repeatability, and reproducibility. 

Aiming at application as sensors or other biological uses and given that variable 

dispersion of particles is a way to control film transparency, we prepared SF-Yb3+/Er3+:YAG 

composite films doped with higher concentration of Yb3+ ions, as described in section 3.2.3.2 

because they presented better emission intensity in response to excitation at 980 nm, even for 

the smallest observed relative sensitivity. We evaluated the temperature sensing behavior 

between 293 and 333 K to avoid thermal SF degradation. Figure 65 shows the UC emission 

spectra at several temperatures. We normalized the intensity with respect to the 2H11/2 → 4I15/2 

transition (523.5 nm). 

 

 

Figure 65. Temperature-dependent UC 3D emission spectra (λexc = 980 nm, from 293 K to 333 K) for 

SF-Yb3+/Er3+:YAG (Yb3+/Er3+ % radio of 12.5/1.25 and 18.75/1.25) composite films normalized as a 

function of the band at 523.5 nm. 
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Compared to the Yb3+/Er3+:YAG particles, Figure 66 showed a similar behavior for the 

FIR for 2H11/2/
4S3/2, and the protein matrix did not damage the aimed thermometry answer. In 

fact, the relative sensitivity increase was noted for the SF-Yb3+/Er3+:YAG composite films, 

which gave maximum Sr values of 0.80% K-1 and 0.96% K-1 for SF- Yb3+/Er3+:YAG with 

Yb3+/Er3+ % ratio of 12.5/1.25 and 18.75/1.25, respectively; and Sabs values of 2.32x10-3 K-1 

and 3.69x10-3 K-1 for these same samples.  
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Figure 66. (first line) Fluorescence intensity ratio (FIR for 2H11/2/4S3/2) as a function of temperature 

(1/T); (second line) integrated intensity of the S and H bands as a function of temperature (T); and (third 

line) relative sensitivity as a function of temperature. Columns are related to SF- Yb3+/Er3+:YAG 

composite films with Yb3+/Er3+ % ratio of 12.5/1.25 and 18.75/1.25, respectively. 

 

To confirm the temperature response repeatability in the SF-Yb3+/Er3+:YAG (SF- 

Yb3+/Er3+:YAG composite film with Yb3+/Er3+ % ratio of 18.75/1.25, we carried out ten 
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heating-cooling cycles (293 to 333 K, Figure 67). The results attested that the rapid and 

sensitive response observed for the Yb3+/Er3+:YAG particles also emerged for the composite 

film, which remained stable despite the fast change in temperature. 

 

 

Figure 67. Emission spectra (λexc = 980 nm) obtained at 293 and 333 K and temperature measurement 

repeatability of FIR for 2H11/2/4S3/2 for ten cycles between 293 and 333 K for SF-Yb3+/Er3+:YAG 

composite film with Yb3+/Er3+ % ratio of 18.75/1.25. 

 

In conclusion of this part, for the first time, the set of UC emission in SF-based materials 

and their photoluminescent properties were used as thermometer sensor. The strategy herein 

proposed ensured the UC emission of Er3+ ion even immersed in a protein matrix. We have 

synthesized YAG microparticles doped Yb3+ and Er3+ ions by SP, followed by a further heat 

treatment at 1100 °C for 12 h. These particles showed as highly crystalline, spherical, and non-

coalesced particles, as confirmed by characterization analysis. The composite films were 

obtained with different concentrations of the particles disperse in the SF matrix, and the ratio 
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of particles allowed us to control the transparence of the self-supported films. The UC emission 

was studied and were also visible to the naked eye, for the particles and also for the composite 

films. Moreover, that intense UC emission at the green spectrum, related to the 2H11/2 → 4I15/2 

and 4S3/2 → 4I15/2 transitions, was studied on different temperature of sample, and the 

thermometry behavior as a result of different Yb3+ and Er3+ contents was carried out. The 

population of electrons in these thermally coupled levels was analyzed based on the Boltzmann 

distribution, and the Fluorescence Intensity Ratio (FIR) as a function of temperature (T) 

showed a linear slope. And the samples with low Yb3+ ion content presented higher thermal 

relative sensitivity. For the SF composite films, the particles with great Yb3+ concentration was 

used to guarantee an efficient excitation even in the SF-Yb3+/Er3+:YAG composite film with 

small amount of Yb3+/Er3+:YAG particles. The thermometry behavior observed for the UC 

emission from the Er3+ ion was kept on the silk composite, so in addition of the first time that 

UC emission has been detected in SF-based materials, the obtained material could be used as 

thermal sensor or smart ink, based on the UC emission for anti-counterfeiting applications, as 

mentioned. 
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5. Final Considerations 

The project titled “Structural and spectroscopic study of luminescent composites based 

on fibroin and rare earth ions for photonic applications” proposed to obtain particles doped with 

Nd3+ ions and their SF-based compounds for studies of laser emission in a random environment. 

In the NanoLum group, YAG spheres had already been prepared via SP with boehmite 

suspension as a precursor, by changing the Y3+ ion content to control the crystalline network, 

and, also using lower concentrations of dopant ions. During the development of this project, 

YAG spheres doped with different concentrations of these ions were obtained by the SP 

technique. Although, obtaining the pure YAG phase was not immediately achieved due to the 

presence of the secondary phases YAP and YAM in the materials, that was identified after 

studies with XRD and photoluminescence spectroscopy. This is why we decided to carry out 

different heat treatments, where it was possible to obtain the pure YAG phase in spheres without 

coalescence after 12 h at 1100 °C. However, as a consequence of larger ionic radius of the Nd3+ 

ion, the lattice parameters were enlarged, and that shift increased with Nd3+ content, from 2.0 

to 5.0%. The emission spectra of the Nd3+:YAG samples confirmed the f-f transitions from 

Nd3+ replacing Y3+ at dodecahedral sites (D2 symmetry) in the YAG cubic structure. The high 

solubility of Nd3+ into matrix avoided the clusters formation. However, the higher Nd3+ content 

reduced the average distance between the Ln centers, as a consequence, a quenching effect in 

their lifetime was noted. These materials were tested for their laser emissions in a random 

environment, and the spheres doped with 2.5, 3.0, 3.5, 4.0, 4.5 and 5.0% of Nd3+ ions showed 

this type of characteristic emission. The increase of Nd3+ concentration was followed by the 

lifetime decrease, as expected, due to a quenching of the excited level by the concentration 

effect. Moreover, the intense emission at 1064 nm, concerning the 4F3/2 → 4I11/2 transition, was 

studied on RL emission as a result of different Nd3+ contents, and as the concentration of Nd3+ 

ion increases, the threshold energy decreases, e.g., the sample doped with 5.0% of neodymium, 

the threshold was 0.2 mJ, almost five times lower than for the 2.5% concentration sample. 

After that, it was decided to obtain systems doped with Yb3+/Er3+ ions, in order to study 

the energy conversion process and, based on this, the possible applications of this material as 

an optical thermometer. Obtaining Yb3+/Er3+:YAG was successfully achieved at different 

concentrations of doped ions (Yb3+/Er3+ % radio of 12.5/1.25 and 18.75/1.25). In DRX 

diffractograms the peak related to plane (420) was shifted in different samples, e.g., it was at 

2theta equal to 33.4° (pattern), 33.4° (sample 12.5/1.25), and 33.2° (sample 18.75/1.25). In fact, 
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the replacement of Y3+ ion (1.019Å) by the smaller ions as Yb3+ (0.985 Å) and Er3+ (1.004 Å) 

could induce a lattice parameter smaller than the standard value of cubic YAG but, herein, the 

shifted was not linear by the doping concentration, so secondary aspects could be pointed, as 

for example, the determination of reflection positions is very sensitive towards the sample 

position, in XDR equipment, then, that slightly shift could be only a pitfalls in the 

characterization. The UC process proved to be effective (the green color can be easily seen with 

the naked eye), as well as its thermometry properties. The population of electrons in these 

thermally coupled levels was analyzed based on the Boltzmann distribution, and the 

Fluorescence Intensity Ratio (FIR) as a function of temperature (T) showed a linear slope. And 

the samples with low Yb3+ ion content presented higher thermal relative sensitivity. Finally, it 

was decided to obtain self-supporting films based on SF. By inserting the particles in the SF 

matrix, flexible and self-supporting systems were obtained, where it was possible to observe, 

with the naked eye, the green emission within this matrix. For the SF composite films, the 

particles with great Yb3+ concentration was used to guarantee an efficient excitation even in the 

SF-Yb3+/Er3+:YAG composite film with small amount of Yb3+/Er3+:YAG particles. The 

thermometry behavior observed for the UC emission from the Er3+ ion was kept on the silk 

composite. 

Still in order to study the UC processes, however, looking for blue-emissions, spheres 

doped with Yb3+/Tm3+ ions were obtained. In the same way as for the Yb3+/Er3+ doped system, 

the blue color was observed with the naked eye, both in the spheres and in the SF films prepared 

with this material. Because the protein matrix consists of amino acids with hydrophobic and 

hydrophilic chains, UC may be quenched. To solve this problem, Ln ions can be incorporated 

into an inorganic crystalline matrix, which will protect them from the quenching phonon effect 

of the protein structure, preventing their emissions from being suppressed. With this, it is 

believed that these self-supporting systems have the potential to be applied with an anti-

counterfeiting device, as already reported in the literature for other systems doped with Tm3+ 

ions. Obtaining this type of device is based on the fact that UC processes involving 3 photons 

are less common than the mechanism involving only 2 photons, which was observed in the 

materials prepared in this work. 

In summary, Ln3+:YAG particles doped at different concentrations were successfully 

obtained by the SP technique, showing the possibility of obtaining sphere particles, without 

coalescence and with a large amount of dopant ions through a methodology that presents high 

yield, does not generate byproducts, and can be used on a large scale, which can be used as an 
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important tool for the production of photonic materials. In the same way, systems based on 

inorganic particles and protein matrix were also successfully obtained, and presented important 

characteristics that can be explored by the field of photonics. Based on these results, it is 

believed that other materials aimed at photonic applications can be successfully obtained via 

SP, as well as devices based on protein matrices. Given this, new precursors must be tested in 

the pyrolysis system, to obtain other matrices in particulate materials. In addition, the globular 

portion of the silk threads, sericin, will begin to be studied as a possible photonic material, 

aiming at the full use of the thread. 
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