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ABSTRACT 

 

A correlation between the processing parameters and the structural thermal stability of inverse 

alumina opal photonic crystals produced by atomic layer deposition (ALD) was investigated. 

Polystyrene (PS) direct opals were deposited on sapphire through vertical colloidal deposition (VCD) 

using different combinations of parameters during self-assembly: polystyrene (PS) concentration, 

evaporation temperature and relative humidity. The templates formed by polystyrene direct opals 

(PS) were infiltrated with alumina by atomic layer deposition (ALD). The polymeric template was 

removed by heat treatment at 500 °C for 30 min (burn out) forming a macroporous alumina material. 

In order to investigate the structural thermal stability of the inverse alumina opals, the samples were 

thermally treated at 1400 °C for 4 h and 200 h. The characterization of the resulting samples was 

performed using Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), 

Selected Area Electron Diffraction (SAED) Visible Ultraviolet Spectroscopy (UV-Vis) and image 

analysis (ImageJ). The combination: 1.5 mg/ml (PS concentration), 40 °C (evaporation temperature) 

and 70% (relative humidity) was the one that generated better results in the organizational sense and 

in the area occupied by unintentional defects. These conditions confered to these materials a vast 

number of potential applications as in solar cells, lasers and various optical and electronic equipment. 

Keywords: VCD; Thermal stability; Inverse Photonic Crystal; ALD; Alumina, Processing 

parameters, Heat treatment 
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RESUMO 

Uma correlação entre os parâmetros de processamento e a estabilidade térmica estrutural de opalas 

inversas de alumina produzidas por atomic layer deposition (ALD) foi investigada. Opalas de 

poliestireno (PS) foram depositadas em safira através de vertical colloidal deposition (VCD) 

utilizando diferentes combinações de parâmetros durante o self-assembly: concentração de 

poliestireno (PS), temperatura de evaporação e umidade relativa. Os templates formados pelas opalas 

de poliestireno (PS) foram infiltrados com alumina por meio da técnica atomic layer deposition 

(ALD). O template polimérico foi eliminado por tratamento térmico a 500 °C por 30 min (burning 

out) formando um material macroporoso de alumina. Com o objetivo de investigar a estabilidade 

térmica estrutural das opalas inversas de alumina, as amostras tratadas termicamente a 1400 °C por 

4 h e 200 h. A caracterização das amostras resultantes foi realizada através das técnicas de 

Microscopia Eletrônica de Varredura (SEM), Microscopia Eletrônica de Transmissão (TEM), 

difração de área selecionada (SAED), espectroscopia Visível Ultravioleta (UV-Vis) e análise de 

imagem (ImageJ). A combinação 1.5 mg/ml (concentração de PS), 40 °C (temperatura de 

evaporação) e 70% (umidade relativa) foi a que gerou melhores resultados no sentido organizacional 

e de área ocupada por defeitos não intencionais. Essas condições conferem a esses materiais um vasto 

número de potenciais aplicações como em células solares, lasers e diversos equipamentos 

opticoeletrônicos. 

Palavras-Chave: VCD; Estabilidade térmica; Cristal Fotônico Inverso; ALD; Alumina, Parâmetros 

de processamento, Tratamento térmico. 

 

 

 



 

 

RESUMO EXPANDIDO 

Introdução 

Uma correlação entre os parâmetros de processamento e a estabilidade térmica estrutural de opalas 

inversas de alumina produzidas por atomic layer deposition (ALD) foi investigada. Opalas de 

poliestireno (PS) foram depositadas em safira através de vertical colloidal deposition (VCD) 

utilizando diferentes combinações de parâmetros durante o self-assembly: concentração de 

poliestireno (PS), temperatura de evaporação e umidade relativa. Os templates formados pelas opalas 

de poliestireno (PS) foram infiltrados com alumina por meio da técnica atomic layer deposition 

(ALD). O template polimérico foi eliminado por tratamento térmico a 500 ° C por 30 min (burning 

out) formando um material macroporoso de alumina. Com o objetivo de investigar a estabilidade 

térmica estrutural das opalas inversas de alumina, as amostras tratadas termicamente a 1400 °C por 

4 h e 200 h. A caracterização das amostras resultantes foi realizada através das técnicas de 

Microscopia Eletrônica de Varredura (SEM), Microscopia Eletrônica de Transmissão (TEM), 

difração de área selecionada (SAED), espectroscopia Visível Ultravioleta (UV-Vis) e análise de 

imagem (ImageJ). A combinação 1.5 mg/ml (concentração de PS), 40 °C (temperatura de 

evaporação) e 70% (umidade relativa) foi a que gerou melhores resultados no sentido organizacional 

e de área ocupada por defeitos não intencionais. Essas condições conferem a esses materiais um vasto 

número de potenciais aplicações como em células solares, lasers e diversos equipamentos 

optoeletrônicos. 

Objetivos 

O objetivo principal desta tese foi analisar e compreender os efeitos dos parâmetros de 

processamento na qualidade de cristais fotônicos tridimensionais formados por opalas inversas de 

alumina.  

O processo de fabricação escolhido como objeto de estudo foi atomic layer deposition (ALD) devido 

à alta flexibilidade, e inúmeros benefícios já descritos na literatura. Diversas aplicações tecnológicas 

para cristais fotônicos tridimensionais formados por opalas inversas de alumina são possíveis apenas 

após tratamento térmico a altas temperaturas. Por esse motivo, dentre os objetivos deste trabalho 

está, também, a análise das propriedades físicas e mecânicas dos cristais fotônicos tridimensionais 

formados por opalas inversas de alumina produzidos em relação a temperatura e tempo de 

sinterização. 

Metodologia 

Partículas monodispersas de poliestireno (PS) (Microparticles GmbH), com diâmetro de 0,76±0,02 

µm, foram depositadas em substratos de safira (25×30×0,53 mm, Crystec GmbH). A deposição das 

opalas de poliestireno foi realizada através do método de Vertical Convective Self-Assembly (VCSA) 

em uma câmara de umidade controlada (HCP 108, Memmert GmbH) por 120 h, ou até a evaporação 

completa do solvente usando béqueres de Teflon contendo suspensões PS em água deionizada. O 

ângulo entre o substrato e a base do copo foi entre 84° e 81°. 

Os filmes finos de cristais coloidais foram obtidos por evaporação controlada (temperatura e umidade 

relativa) do solvente de diferentes concentrações de suspensões de PS (1 mg/ml, 1,5 mg/ml, 2 
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mg/ml), temperatura (40 °C, 55 °C, 80 °C) e umidade relativa (RH - 45%, 70%, 90%). 

Após a deposição dos filmes por self-assembly, a espessura e estrutura dos cristais fotônicos foram 

avaliadas através de microscopia eletrônica de varredura (MEV, Leo-1530). Os defeitos estruturais 

foram analisados através de um programa de imagem (ImageJ, 1.51p22). Pelo menos 20 imagens de 

MEV (aumento de 500×) foram utilizadas para a análise de cada amostra. Para a eliminação do ruído 

(derivados das áreas escuras entre as esferas) foi utilizado filtro gaussiano. Após a binarização, os 

defeitos foram avaliados usando a ferramenta de threshold. 

A infiltração de alumina nos substratos de safira (previamente depositados com opalas de 

poliestireno) foi realizada através do método Atomic Layer Deposition (ALD) usando os precursores 

trimetilalumínio (TMA, Sigma Aldrich) e água deionizada em um reator (Savannah 100, Ultratech, 

Cambridge Nanotech) a 95 °C. O ciclo foi realizado no modo de exposição (0,2/60/90 s) com 

nitrogênio como gás de purga (30 cm3/min). Após ALD, o molde polimérico foi calcinado ao ar a 

500 °C por 30 min, gerando a estrutura de cristal fotônico de opala inversa. 

A resposta óptica dos cristais fotônicos de opala direta e inversa foi avaliada por medições de 

refletância especular (espectrômetro UV-vis-NIR, Perkin-Elmer, Lambda 1050) de 900 a 1850 nm e 

em um ângulo de incidência de 8°. 

Após ALD, o molde polimérico foi queimado ao ar em um forno mufla a 500 °C por 30 min, 

produzindo cristais fotônicos de alumina inversa. As opalas inversas foram tratadas termicamente no 

ar em um forno mufla a uma taxa de aquecimento de 5 °C/min até que a temperatura e o tempo de 

permanência desejados fossem alcançados. O processo de sinterização foi executado a 1400 °C por 

4 e 200 h. Após cada tratamento térmico, as morfologias das estruturas 3D resultantes foram 

examinadas por microscopia eletrônica de varredura (SEM, Zeiss Supra 55VP). Para as amostras 

tratadas a 1400 °C por 200 h e a estrutura 3D produzida com 55 °C e 70% (temperatura de evaporação 

e umidade relativa respectivamente) e tratadas termicamente a 1400 °C por 4 h, partes das amostras 

foram trituradas e dispersas em etanol por ultrassom e transferidos para uma grade revestida de 

carbono para geração de imagens TEM e área de tração eletrônica (SAED) (TEM, Jeol JEM-2000FX-

II). Além disso, para essas amostras, as imagens TEM foram usadas para estimar o tamanho dos 

grãos. 

Resultados e Discussão 

Cristais fotônicos de opalas diretas de poliestireno foram self-assembled em substratos de safira por 

deposição vertical. A quantidade de defeitos nos cristais fotônicos diretos aumentou com a 

concentração de PS e a temperatura de evaporação e reduziu com a umidade relativa até um valor 

limite no qual o self-assembly falhou. A espessura também foi afetada por esses parâmetros. A 

capacidade de refletância resultante dos cristais fotônicos de opala direta e inversa foi essencialmente 

afetada pelos parâmetros de self-assembly. Embora o ALD e a sinterização do molde polimérico 

realizados a 500 °C tenham introduzido alguns defeitos adicionais e/ou defeitos preexistentes 

ampliados nas estruturas, o processo de self-assembly pode ser considerado o fator-chave que 

influencia o intervalo de banda fotônica resultante e a capacidade de refletância. Em relação ao 

desempenho dos cristais fotônicos de opala inversa de cerâmica, os parâmetros ótimos para a 



 

 

automontagem relacionados à menor densidade de defeitos e à adesão do substrato foram 40 °C, 70% 

de UR e 1,5 mg/ml de concentração inicial da suspensão. 

Os cristais fotônicos de opala inversa de alumina produzidos em todas as condições de self-assembly 

testadas são termicamente estáveis a altas temperaturas, como 1400 ° C por pelo menos 4 h, mas não 

após 200 h. Os parâmetros de processamento não parecem ter uma forte influência sobre a 

estabilidade térmica, como o material escolhido, neste caso, a alumina. No entanto, os efeitos dos 

parâmetros de self-assembly pareceram ampliados pelo tratamento térmico. As amostras produzidas 

abaixo de 40 °C, 45% e 1,5 mg/ml e 80 °C, 70% e 1,5 mg/ml levaram a cristais fotônicos mais 

defeituosos quando comparadas com aquelas fabricadas sob 40 °C, 70% e 1,5 mg/ml e 55 °C, 70% 

e 1,5 mg/ml, esse efeito pode ser mais claro após o tratamento térmico a 1400 °C por 4 h. No entanto, 

após 200 h de sinterização a 1400 °C, todas as amostras colapsaram, o que significa que as amostras 

3D resultantes não têm mais as propriedades estruturais que possuíam antes do tratamento térmico. 

Além disso, foram comparadas as vistas superior e cruzada, e observadas discrepâncias, 

principalmente nos cristais fotônicos produzidos a 40 °C, 70% e 1,5 mg/ml (parâmetros de self-

assembly). Esse efeito pode ser explicado pela transmissão de calor em materiais altamente porosos 

que, após um certo tempo de sinterização, leva a uma temperatura mais alta na superfície da amostra 

do que em seu interior; porém, esse fenômeno exige mais investigações. O tamanho de grão dos 

cristais fotônicos de opala de alumina inversa obtidos também foi estimado usando TEM e aplicando 

o software ImageJ para medir os grãos: 1,0±0,2 µm foi a média para as amostras tratadas 

termicamente até 1400 °C por 4 h; e 1,6±0,3 µm após 200 h. Nesse caso, o material (alumina) e o 

tempo de espera por sinterização (4 e 200 h) mostraram ter uma forte influência, mas não os 

parâmetros de processamento testados. A cristalinidade das amostras produzidas com 55 °C, 70% e 

1,5 mg/ml e sinterizadas a 1400 °C por 4 h e aquelas fabricadas com todos os parâmetros de 

processamento testados (40 °C, 45%, 1,5 mg/ml; 40 °C, 70%; 1,5 mg/ml a 55 °C, 70%, 1,5 mg/ml e 

80 °C, 70%, 1,5 mg/ml) tratados termicamente a 1400 °C por 200 h tiveram sua cristalinidade 

avaliada por SAED técnica e aplicação de software (CrysTBox 1.10). Todas as amostras 

apresentaram uma única estrutura cristalina com padrões típicos de α-alumina SAED, 

independentemente de parâmetros de processamento ou tempo de sinterização. 

Considerações finais 

As combinações dos parâmetros de processamento mostraram ter uma grande influência na ordem 

dos cristais fotônicos. A manipulação de parâmetros de automontagem pode ser usada para produzir 

não apenas cristais fotônicos, mas também vidros fotônicos, que também são materiais muito 

investigados, devido às suas possíveis aplicações. 

O estudo da estabilidade térmica a altas temperaturas foi realizado para cristais fotônicos de opalas 

inversas de alumina. Por um curto período (4 h), as estruturas permaneceram estáveis, mas não por 

um longo período (200 h). Com o objetivo de obter cristais fotônicos 3D com maior estabilidade 

térmica, novos materiais devem ser testados. Compósitos com alumina e céria ou titânia, devido às 

suas propriedades mecânicas, podem ser algumas opções. Além disso, temperaturas mais altas 

podem ser testadas e possibilitar um número maior de aplicações para esses materiais. 

Considera-se ainda o potencial demonstrado pelos resultados da nanoindentação, ao avaliar a 

estabilidade mecânica das estruturas 3D inversas para correlacioná-la com os parâmetros de 
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processamento. No entanto, seria importante uma investigação adicional dos dados. Uma modelagem 

matemática que permita obter resultados teóricos para essas propriedades e parâmetros pode ser feita 

com o objetivo de fornecer resultados mais precisos e permitir o projeto de estruturas 3D com um 

comportamento mecânico específico. 

Palavras-Chave: Self-assembly, materiais fotônicos, estruturas tridimensionais, estabilidade térmica, 

alumina, ALD, propriedades ópticas. 
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1 INTRODUCTION 

An optimal design for high-temperature photonic structure is desired. Ceramic thermal barrier 

coatings for gas turbines, and selective emitters for thermophotovoltaic purposes, materials and 

fabrication methods have been investigated.1,2 It has an ecological and practical motivation, the 

increase of efficiency and a significant improvement of lifetime of gas turbines. For such 

applications, photonic crystals are required to operate at temperatures up to 1000 °C or even higher.1 

Microstructural, chemical or phase changes may not occur in photonic crystals exposed to high 

temperatures for a prolonged period. 2 

For those applications, high quality photonic crystals are needed. It means that the influence of 

imperfections such as cracks, disordering and vacancies must be well understood. The production of 

multilayer photonic crystals can be very challenging in order to fabricate a defect free photonic 

crystal.3–5 A wide number of photonic crystals fabrication methods are available, such as self-

assembly, lithographic and holographic techniques. Self-assembly is the most feasible method, which 

can be reached by vertical deposition, spin coating, gravity sedimentation and many other ways. Due 

to the possibility of controlling the processing parameters, which may lead to a superior quality large 

scale photonic crystal, vertical deposition self-assembly is the most used technique.6 

Taking this into account, polystyrene spheres were assembled on sapphire substrates via vertical 

deposition self-assembly. A systematic study of self-assembly parameters, namely polystyrene 

suspension concentration, evaporation temperature and relative humidity was carried out. 

Afterwards, the polystyrene opal photonic crystals were filled with amorphous alumina by atomic 

layer deposition (ALD) and the polymeric template was eliminated by a heat treatment (burn-out at 

500 °C, 30 min). The 3D structures formed before and after the burn-out were evaluated and 

compared in the aim of finding a correlation of the ceramic inverse photonic crystals performance 

and the processing parameters used during the self-assembly of the polystyrene spheres. 

Thermal stability at high temperatures, like previously cited, is a critical issue of photonic crystals 

design. The retention of the 3D mesostructures at high temperatures remains a significant challenge. 

Therefore, the 3D inverse alumina opal photonic crystals structural stability after elevated 

temperatures heat treatments for prolonged periods was also investigated. 

1.1 Objectives 

1.1.1 Main Objective 

The main objective is to understand the effect of processing parameters on the three-dimensional 

(3D) inverse alumina opal photonic crystals produced by atomic layer deposition (ALD) before and 

after heat treatment. 

1.1.2 Specific Objectives 

The specific objectives of this work are: 

• Explain the influence of self-assembly parameters, such as evaporation temperature, relative 

humidity, and polystyrene concentration, on the polystyrene direct photonic crystals and 
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inverse alumina opals photonic crystals. 

• Find a correlation between self-assembly parameters and the thermal stability of the produced 

3-D structures. 

• Explain the influence of heat treatment time and temperature on the inverse alumina opals 

photonic crystals. 

• Achieve 3D high quality inverse alumina opal photonic crystals design parameters with high 

thermal stability to use in gas turbines. 
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2 LITERATURE REVIEW 

2.1 Photonic Crystals Concept 

Synthetic photonic crystals have been widely investigated and produced based on materials that are 

available in nature such as natural opals.7 These materials were first proposed by John and 

Yablonovitch in the aim of comprehending optical principles.8–10 The light is confined in the bulk 

material and the spontaneous emission is not allowed in a wide range of frequencies. Concepts of 

solid state physics, such as Maxwell equations and Block´s theorem are used to understand the 

photonic materials operation.11 

The photonic crystals are periodically structured and possess photonic band gaps, which are 

frequency ranges in which it is not possible to the light to propagate through the structure.12 The 

photonic band gap formation is similar to the electronic band gap. The periodicity of electric 

potentials and dielectric constants is the driving force of the electric band gap and photonic band gap 

respectively.12,13 These crystals, artificially structured, have the ability to act on photons in optical 

devices, just as semiconductors act on electrons in electronic devices 14,15 These photonic structures 

allow the manipulation of visible light and other forms of electromagnetic radiation. 

Photonic crystals are classified by the dimension of periodicity. These materials can be one, two or 

three dimensional (1D, 2D or 3D) photonic crystals, that are schematically illustrated in Figure 1. 

 

 

Figure 1. Schematic illustration of one, two and three-dimensional (1D, 2D and 3D) photonic 

crystals; n1 and n2 represent the different refractive indices of the constituent materials.8 

 

One dimensional (1D) photonic crystal fabrication techniques are already well known and can be 

easily produced by alternated deposition of two materials. Besides, many assemblies and fabrication 

methods have been investigated for two and three-dimensional photonic crystals; nevertheless, these 

two last mentioned structures production remain a challenge. 

Each of these types of photonic materials has specific photonic band gaps, which is a forbidden gap 

of photons. The light is not allowed to get inside the crystal and electrons cannot emit photons in 
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crystals interior.16,17 

2.2 Photonic Crystals Applications 

Due to their unique optical properties, photonic crystals have been deeply investigated in the past 

decades. Technological applications in numerous areas of science have been explored such as 

medicine, military defense, telecommunications, energy, agriculture, robotics, among others. 

Celanovic et al.18 investigated the optical characteristics of one and two-dimensional photonic 

crystals to be use as components of thermophotovoltaic (TPV) systems. One-dimensional photonic 

crystals were used as optical filters and two-dimensional ones were utilized as selective thermal 

emitters. 

Cai et al.19 investigated the progress that has been done in the development two-dimensional photonic 

crystals for chemical and biological detectors. Shen et al.20 wrote a review about photonic crystals 

applications, one and 3D photonic crystals, more specifically. Due to its refractive index distribution 

in one direction, 1D photonic crystals are widely investigated and produced to be used as high-

efficient refractor, chemical and physical sensors and so on. Shen et al.20 also studied some typical 

3D structures, fabrication methods and its remaining problems.  

3D photonic crystals have refractive index periodicity in all three directions, and when these indexes 

are high enough, a full band gap can be formed. Moreover, the spontaneous emission and propagation 

of light can more easily controlled due to the photonic band gaps in three different directions. 

Because of this property, 3D photonic materials are considered one of the most potential materials 

for thermal barrier coatings (TBC), transfer of fuel energy into electricity and thermophotovoltaic 

cells (TPV). 

The use of 3D photonic crystals has been studied for thermal barriers, which would be used in gas 

turbines. In this case, ceramic photonic crystals are specially considered due to ceramics properties 

such as chemical, physical, and thermal stability. Once the 3D photonic crystals would have to have 

a high thermal stability, these materials are called High Temperature Photonic Structures (HTPS).1 

Yablonovivitch et al.21 studied silicon emitters of infrared radiation after their very first work with 

3D photonic crystals. Nevertheless, the fabrication of defect free 3D photonic crystals with high 

thermal stability remains challenging.  

2.3 Production Methods 

Most of the studies done so far have been focused on one and two-dimensional photonic crystals, 

due to its easy production. Nevertheless, 1D and 2D photonic materials cannot exhibit a photonic 

band gap in a definite direction. Therefore, in the aim of producing an efficient and functional optical 

device using photonic crystals, 3D photonic crystals are required. 13,15,22 Besides, to enhance a 3D 

photonic band gap, ceramic materials like aluminum and titanium dioxide have been proposed as 

constituent materials for 3D photonic crystals by some researchers such as Dyachenko et al.2, Furlan 

et al.5, and Sung Park et al.23. In those works, a method has been proposed, in which, these a 

polymeric template is filled by ceramic materials layer by layer by atomic layer deposition (ALD). 

The objective of the authors was to combine the advantages of ALD and the ceramics properties 

leading to a material with high thermal stability and minimal thickness variation even after many 
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successive high temperature heat treatments. These are very important characteristics to produce 

thermal barriers coatings for gas turbines, one of the main objectives of this research. 2,5,23 

Self-assembly and etching are two of the most used manufacturing techniques of three-dimensional 

photonic crystals.13,15,22,23 In the self-assembly method, a polymer-based template is produced, filled 

with a high refractive index material, normally done by chemical vapor deposition (CVD) or atomic 

layer deposition (ALD). Then, the polymeric template is eliminated by heat treatment or chemical 

etching.6,24–26 In etching, a predetermined part is produced by a photo stimulated process; afterwards, 

an etching procedure is used to remove the unnecessary part. Chemical etching is normally used to 

fabricate 2D photonic crystals. In the aim of fabricating 3D photonic crystals, a complex process is 

applied, such as electron beam lithography, holography, multiple beam interference, wafer diffusion 

or two-photon polymerization.23 

2.3.1 Self-assembly 

Self-assembly can be defined as the spontaneous organization of materials by noncovalent 

interactions (Van der Waals forces, hydrogen bonding, electrostatic forces, and capillary forces). 

This self-organization of the materials normally results into periodic cubic (face cubic centered), 

hexagonal (hexagonal close packed) structures or a mixture of both. 

Self-assembly is a widely used technique in the production of three-dimensional photonic crystals 

because of their relative simplicity of the process and the possibility to obtain a full photonic band 

gap. This method is based on assemble monodispersed size microspheres on a specific substrate by 

applying conditions and parameters in which these spheres will be able to arrange themselves 

periodically.  

2.3.2 Vertical Deposition Self-Assembly 

Dislocations, vacancies and stacking faults are typical defects present in photonic crystals structures. 

Nevertheless, it is well known that high quality crystals are necessary for optical and other 

technological applications such as thermal barrier coatings and thermal emitters.1  

Self-assembly method is the most used route to produce two and three-dimensional photonic crystals. 

Gravity sedimentation, electrophoresis, spin coating, crystallization and vertical deposition are 

known as techniques to achieve the self-assembly.6 Vertical deposition method is the most widely 

used in comparison to the other methods, due to the possibly of easy parameters controlling, which 

may lead to a superior quality and controllable thickness of photonic crystals produced by this 

process.6,22,24 Besides, normally the vertical deposition technique leads to the formation of an FCC 

(face centered cubic) structure. However, even the morphology and geometry of the photonic 

material can be design by adjusting the self-assembly parameters.6,25 

Further, in this thesis, the effect of some of self-assembly parameters – such as polymer 

concentration, humidity – on the photonic crystals’ morphology, type and amount of unintentional 

defects will be investigated and discussed.   
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The vertical deposition method is based on a controlled evaporation of a suspension prepared with a 

specific concentration of polymers spheres, such as polystyrene. The evaporation control can be done 

by using a humidity chamber, in which the evaporation temperature and relative humidity can be set. 

In some chambers, it is also possible to control the system pressure. As long the suspension solvent 

is being evaporated the polymeric spheres are being deposited on the substrate. (Figure 2)  

 

Figure 2. Schematic illustration of the vertical deposition technique for growth of opals. The 

spheres are assembled into FCC lattice at the interface formed between water-air-substrate. The 

capillary forces that occur between the polymer spheres and the liquid bridges formed among the 

spheres. 

 

By adopting this technique, some defects may occur, stacking faults and macroscopic cracks, for 

example. Such imperfections disturb the light propagation through the photonic crystal.  

Small differences between the free energy correspondent to the FCC and HCP geometries may lead 

to the formation of stacking faults. The appearance of macroscopic cracks, normally, is due to the 

contraction of the colloidal structure because of solvent evaporation. The evaporation rate of the 

suspension solvent is a well-known factor, which may lead to a high- or poor-quality photonic crystal. 

Some self-assembly parameters – such as evaporation temperature – showed to be a key factor for 

evaporation rate. Too high temperatures, because of the increase of particles kinetic energy, may 

cause a disordered structure instead a defect free photonic crystal. Contrariwise, too low temperature 

could affect the self-assembly process time, turning it extremely long. In addition, other self-

assembly parameters – such as polymer concentration, relative humidity, substrate type and 

suspension solvent – seem to have influence on the photonic crystals’ quality. It means that it is 

important to understand the changes that may occur in the structures of the photonic crystals 

according to the manipulation of such parameters in the aim of obtaining a defect free high-quality 

photonic crystal. In this thesis, some of these parameters influence on the photonic crystals 

morphology and thickness were evaluated with the objective of reaching an optimum design of 3D 

photonic crystals, which could be used as a thermal barrier coating for gas turbines. 
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2.3.3 Defects in Photonic Crystals Produced by Self-Assembly 

Colloidal crystals formed by evaporation induced methods may present imperfections on two scales, 

micro and macro defects. Stacking faults, vacancies and dislocations are examples of micro defects, 

while cracks and void bands are classified as macro defects, which have origin in meniscus dynamics 

motion during the solvent evaporation.12 

The self-assembly and photonic crystals growing process occurs at the meniscus region. Therefore, 

it is possible to say that the quality of the photonic crystals depends on the conditions at the meniscus 

area. There are two limitations of the meniscus region: the substrate and the liquid vapor phase. The 

liquid-vapor phase is deformable and moves as the solvent evaporates, depending on evaporation 

rate, while the substrate is solid and generally it is charged.27 Capillary forces, which can be either 

repulsive or attractive depending on the colloids, are the driving forces of assembling the polymeric 

spheres together into FCC structure. This theory has been supported by Koh et al.28, who studied the 

influence of the capillary forces by using aluminum and silicon substrates. They observed that more 

macroscopic defects were obtained using the aluminum substrate. However, these researches proved 

the influence of capillary forces on the formation of macro defects such as cracks. Another possible 

explanation has also been proposed: the divergence of thermal coefficient of the substrate and the 

photonic film deposited on it.27,28 These cracks can be seen in the structure even with lower 

magnifications (Figure 3). 

 

Figure 3. SEM image of cracks in a photonic crystal produced at 55 °C, 70%, 1.5 mg/ml 

(evaporation temperature, relative humidity and polystyrene concentration). The scale bar 

represents 10 µm. 

Photonic crystals produced by induced evaporation self-assembly are generally composed by a 

structure with FCC configuration. Nevertheless, some micro defects such as stacking faults are 

present in almost every photonic crystal fabricated by self-assembly. These defects consist in the 

separation of the planes with FCC configuration by two planes hexagonal closed packed (HCP) and 

are considered a linear defect29 (Figure 4). The results of Hilhorst et al.29 have shown that the 

stacking faults are up to 5-10% of the photonic crystal structure. Therefore, it must be considered for 

future applications of self-assembled photonic crystals. 
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Figure 4. SEM image of stacking faults (pointed by red narrows) and vacancies (pointed by blue 

narrow) in a photonic crystal produced at 55 °C, 70%, 1.5 mg/ml (evaporation temperature, relative 

humidity, and polystyrene concentration). The scale bar represents 1 µm. 

Another defect pointed in Figure 4 is the vacancy. Classified as punctual defects, vacancies are the 

most common and studied defect in photonic crystals structures. It is thermodynamically expected 

(entropically favorable) to have some vacancies. 27 

Cv = Ao exp (
∆Gv

kT
)  Equation 1 

As can be seen in Cv = Ao exp (
∆Gv

kT
)  Equation 1 the concentration of vacancies has an 

exponential dependence on the temperature. Cv represents the vacancies concentration; Ao is a 

constant; ∆Gv is the vacancies formation energy; T is the evaporation temperature; and k is the rate 

constant.  

The presence of some microscopic defects like vacancies and dislocations cannot be completely 

eliminated, because as previously analyzed, it is a thermodynamic issue. Dislocations (Figure 5) are 

also microscopic linear defects. The origin of such imperfections is during evaporation and they can 

lead to considerable damage on PBG, compromising the use of the material.28 

 

Figure 5. SEM image of dislocations in a photonic crystal produced at 80°C, 70%, 1.5 mg/ml 

(evaporation temperature, relative humidity, and polystyrene concentration). The scale bar 

represents 1 µm. 
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Therefore, to obtain applicable photonic bandgap materials, the effect of the defects on the PBG must 

be deeply investigated. Taking this into account, in this thesis, the effect of self-assembly parameters 

– such as evaporation temperature, relative humidity and polymer concentration – on the photonic 

crystals quality is studied in order to develop a self-assembly parameters combination, with which it 

is possible to achieve a high quality, thermal resistant photonic crystals.  

2.3.4 Direct and Inverse Opals 

To achieve photonic crystals with a full bandgap in a specific spectral region remains a considerable 

challenge. The major factors that establish a photonic bandgap are the refractive index contrast (ratio 

between the refractive indices of the constituent materials) and the filling fraction (percentage 

volume occupied by voids). Some methods are widely used to produce such materials, like 

lithographic techniques. Nevertheless, these approaches are expensive and time taking. Thick 

photonic crystals were not reachable so far.30 

Self-assembly route is an alternative method to produce three-dimensional photonic structures 

with complete PBG. However, as it is possible to find in many researches, inverse opals present 

superior photonic bandgap (PBG) properties when compared to direct opals.31–33 As inverse opals ( 

Figure 6c) are negative reproduction of direct opals ( 

Figure 6a) with submicrometric voids bordered by high refractive index materials, such as alumina 

or titania. Because the inverse opals are the form that photonic crystals have their major technological 

applications, the production of such materials is a main goal of many researches.30–33 

 

Figure 6. Images of (a) self-assembled polystyrene (PS) spheres on a sapphire substrate by vertical 

deposition self-assembly; (b) filled with alumina by atomic layer deposition (ALD); and (c) inverse 

alumina opal photonic crystal. The scale bars represent 1 µm. 

Several approaches can be used to fabricate inverse opals. The direct opals template voids must be 

filled by a high refractive index material. Afterwards, the template must be removed by chemical 

etching or heat treatments. As filling techniques chemical vapor deposition (CVD)34–36, atomic layer 

deposition (ALD)5,23,37, floating or stacking38,39 and spin coating40 can be cited. Atomic layer 

a) b) c)
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deposition is the most used, due to robustness and accurate thickness control of the produced 

photonic crystals. 5,23,37 ALD will be further discussed in more details in this thesis. 

The last step of the inverse opals production is the template elimination. It can be performed 

using heat treatment or chemical etching. Chemical etching is normally used for metallic and silica 

templates. The problem about using this technique to polymeric templates is that chemical etching 

may increase the roughness of the structure and change the chemical constitution. By applying 

etching in polymeric templates, considerable modifications of the morphology and chemical 

properties of the structure may occur. Therefore, heat treatments are mostly applied for polymeric 

templates.41  

Figure 6a presents a SEM image of self-assembled polystyrene (PS) spheres on a sapphire 

substrate via vertical deposition self-assembly. This PS template was filled with amorphous alumina 

by ALD ( 

Figure 6-b). Afterwards, the polymeric template was eliminate using a heat treatment (burn-out 

at 500 °C, 30 min) leading to an inverse alumina opal photonic crystal. ( 

Figure 6c). 

2.3.4.1 Atomic Layer Deposition 

Atomic layer deposition (ALD) is a vapor phase method to layer thin films onto a substrate. The 

substrate is subjected to alternating precursors that do not overlap. The introduction of these materials 

is carried out sequentially. The ALD technique is based on saturated surface reactions, which means 

that in each alternate pulse, the precursor reacts with the surface until all reactive sites on the substrate 

have been saturated. A whole ALD cycle depends on the precursor surface interaction and nature. 

When a higher layer is required, multiple ALD cycles can be performed until the desired thickness 

have been reached.42  

In Figure 7, a schematic illustration of an ALD cycle of alumina can be seen. In this case, the used 

precursors are trimethylaluminum (TMA) and water. TMA is dosed and adsorbed by reactive sites 

of the surface (step 1). Then, the excess of the precursor and the products of the reaction are purged 

out (step 2). Afterwards, a co-reactant, in this case water, is inserted into the chamber and reacts with 

TMA to form the desired material. In the situation presented in Figure 7, and in this thesis this 

material is alumina (step 3). Subsequently, the unreacted material and another reaction product are 

purged out (step 4). 
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Figure 7. Schematic illustration of ALD technique procedure. 

ALD has emerged as the main method for semiconductor micro and nanodevices such as tubes, and 

nanowires120,121. Atomic layer deposition is also the most adopted technology in complex 

nanostructured material surface modification.120,122 These applications have similar demanding 

requirements, low gas permeability and poor electron leakage. Such requirements are accomplished 

due to ALD being a technique that leads to a continuous, pinhole free, and thickness controllable 

materials layers by means of self-limiting sequential surface reactions. 120–122 

In general, two self-limiting surface reactions occur sequentially depositing a binary compound film. 

As the surface sites number is limited, so is the number of surface species. The self-limiting 

characteristic of the two reactions allow the growth of numerous layers with an atomic scale level of 

control. This is one of ALD technique advantages; besides, it leads to an outstanding step coverage 

and conformal deposition on high aspect ratio structures due to the sensibility to the surface 

conditions .120 123,124 

The ALD technique had its first studies published around 1970. Nevertheless, the terms used at that 

time were atomic layer epitaxy (ALE), molecular layering (ML), atomic layer chemical vapor 

deposition (ALCVD), or molecular layer epitaxy (MLE). ALD only started to be employed as a term 

during the 2000´s.120–126 The fact of the layers growing not being epitaxial to the substrate, but 

adopting self-limiting sequential surface reactions made the ALE expression fall out of use. 127 

The pioneer of ALE was Tuomo Suntuola with a ZnS ALE system. His first patent regarding this 

subject came in 1977, and the first publication in 1980. Nevertheless, the first commercial ALE 

reactor was sold only in 1988.120 Many previous reviews are focused on the use of ALD for 

nanotechnology and microelectronics127–130. Instead, in this review the intention is highlight the use 

of ALD on high performance photonic crystals production. Moreover, some key concepts and new 

directions of ALD technique are presented. 

2.3.4.2 Photonic Crystals 

Photonic crystals can be defined as structures with a periodic dielectric function modulated on a 

length scale according to the required wavelength of operation 131,132 The properties of the light can 

be modified by photonic crystals in the same way semiconductors can affect electrons. Photonic 

crystals can have what is called photonic band gaps (PBGs), which are frequency ranges where the 

light propagation is forbidden within the structure.125,131,132 Plenty of devices that work making using 
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of this property have been identified such as semiconductors and photonic microdevices. 

Light can travel within dielectric materials in a way greater velocity and carrying much more 

information than electrons do inside a metallic wire. Also, the bandwidth is significantly larger than 

in metals. A fiber-optic communication system is in an order of terahertz, while electronic systems 

of communications, such as telephone, are about just a few hundreds of kilohertz. In addition, the 

interaction between photons are poorer in relation of electrons´, which allows lower energy losses 

inside these systems.126,131,132 

This property has been used in many devices’ principles (waveguides, optical filters, drugs delivery 

system).132,133 Nevertheless, the photonic crystals manufacturing remains a challenge. Many 

techniques such as lithography, layering and etching processes of photonic crystals fabrication have 

been explored to produce defective free two and three-dimensional photonic crystals in solid 

substrates. However, these are sophisticated techniques that requires expensive and large-scale 

equipment.134,135 Atomic layer deposition (ALD), on the other hand, is a flexible and robust 

technique, which allows growth of a wide range of materials under extensive parameters 

combinations. 122,124,130,136 

Regarding to photonic crystals’ manufacturing, it is well established that the photonic band gap is 

significantly affected by the quality of the void’s infiltration with a higher dielectric constant 

material. ALD is a technique considered to have a high-filling fraction136. Therefore, ALD has been 

widely used in photonic crystals manufacturing.130,137 

2.3.4.3 Alternative Manufacturing Techniques 

Because of the development of technological applications in optical structures, thin film deposition 

methods have been widely studied and technologically advanced.120,127,19 

All advanced applications – such as filters, lenses, anti-reflecting coatings, and drugs delivery – 

demand thin films with accurate thickness control, low defect density, and great adhesion with the 

substrate.138–140 These mentioned properties rely on the chosen technique and the materials that are 

being deposited on the substrate.140  

To be considered high quality thin films for nanophotonics, they must present high abrasion, thermal 

and chemical resistance, great adhesion and low defects density (cracks, holes)141–143. To 

manufacture optical coatings Physical Vapor Deposition (PVD) is widely used. This method is based 

on the deposition of a material in its vapor phase, result from its evaporation. PVD exhibits high 

deposition rate. Nevertheless, the previously mentioned desired properties are more likely to 

achieved using atomic layer deposition (ALD).144–146 

ALD is one variation of chemical vapor deposition (CVD), which has been utilized in many 

applications. The main difference between these two techniques is that in ALD the precursor material 

pulses are led into the reactor once at time. Then some inert gas such as nitrogen or argon is used to 

purge the reactor chamber after each pulse of precursor material, which extracts from the chamber 

all the reaction´s by-products. The only materials that are left inside the reactor are the ones adsorbed 

on the substrate. Consequently, the film grows, and its thickness is determined by the number of 
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cycles, which is an extremely accurate control, in an atomic scale. 

Another advantage of ALD method is that complex shaped high aspect ratio can be equally covered. 

The possibility of coating any sized and shaped structure employing ALD depends on the reactor 

chamber size only. ALD-Al2O3 
147and ALD-TiO2

148
 were utilized to impregnate silica spheres. As a 

result of further investigations, the density of the produced films was higher when manufactured 

using ALD then other techniques. The hydrogen and H2O fraction in these films were also lower 

comparing ALD to other methods. 

In the current work, a 3D ALD-Al2O3 photonic crystal was produced and submitted to a heat 

treatment at 500 °C for 30 min (Figure 8). It was observed a continuous thickness, both in film and 

Al2O3 walls. What looks to be defects are, mostly, damages probably caused by the diamond pen, 

which was used to make the cut of the probe, so that it could be properly analyzed. These results also 

corroborate with the ones found on the literature. It was possible to observe a great uniformity on the 

3D structure coverage and thickness.  

 

 

Figure 8. ALD-Al2O3 photonic crystals produced and submitted to a heat treatment at 500°C for 30 

min. A PS spheres solution (1.5 mg/ml) dried at 55 °C, 70% and of RH was used to produce the 

direct opal photonic crystal. The scale bar represents 1 µm. 

ALD-coated thin films have been playing a notable role in photonic crystals. This is because ALD 

promotes a low temperature growth, which is important, especially on polymer materials, to avoid 

their degradation during the filling process. Besides, ALD allows a wide range of precursor materials 

to be used. This gives the possibility to choose a material that is suitable with the substrate. 

Consequently, the structure will present better adhesion and low – or inexistent – damage to the 

substrate. The self-limiting reactions that occur during the ALD process confer a highly reproducible 

thickness after each ALD cycle. 

2.3.4.4 ALD Temperature Increase 

ALD cycles are performed under relative low temperatures (<350 °C). ALD temperature window is 
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a term used to refer to the appropriate temperature range for specific ALD processes.149 Temperatures 

outside this window might result in slow reaction kinetics, which can lead to non-continuous material 

deposition on the substrate, poor growth rates, or even precursor condensation when the chosen 

temperature is lower than the recommended.150–152 For higher temperatures than specified in the 

temperature window, a thermal decomposition or a fast desorption of the precursor may occur.149 So, 

the ALD processes advantages can be achieved, so that it is appropriated to operate within the defined 

window temperature for each process. In the case of Al2O3-ALD, this range is between 180 and 

200°C (Figure 9153).127,149–151 

 

 

Figure 9. Graphic showing the experiment to define Al2O3-ALD temperature window. Adapted 

from Gierałtowska et al..153 

Gierałtowska et al.153 evaluate the role of some ALD parameters on the resulted thin film properties. 

As the temperature was pointed as one of the most crucial parameters in ALD processes, they 

performed numerous experiments to determine the ideal process temperature for Al2O3-ALD, as 

shown in Figure 2. According to Gierałtowska et al.153, using the Al2O3-ALD window temperature 

(180–200 °C), they obtained a growth rate of 1.0 Å, against 0,8 Å in extreme low temperature (90°C).  

2.3.4.5 Self-limiting Film Thickness 

Another advantage of ALD is the thickness control and less interface roughness, when compared 

with different techniques such as CVD and PVD (ALD variations). The layer-by-layer deposition 

allows dictating the thin film thickness by the number of ALD cycles. The typical final thickness 

depends on the individual process. 120,122,124 

Because ALD has self-limiting reactions as a part of its process, the average roughness is, normally, 

lower than the observed in other methods. Nevertheless, due to different desired compositions, even 

ALD-coated thin films can present a higher or lower roughness. Moreover, the efficiency of the 

composition, roughness and thickness control relies on the volume and geometry of the reactor 

chamber. The higher the volume, the higher the time of precursors pulse and inert gases purge.148,153 

It is possible to find in literature some experiments regarding ALD coated thin films. For the same 
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precursor and substrate, different results are likely to be observed.154,155 This is due to the different 

reactors and parameters that were used. Besides, it was already published that when a very thin film 

is produced, its thickness and roughness are extremely hard to measure. Once again, the interaction 

between the produced film and the substrate plays a dominant role.153 

Because of all mentioned ALD advantages, this method has been widely used in 2D and 3D photonic 

crystals production and has shown excellent results in technological applications such as 

catalysators156, fuel cells157, drug delivery158, optical micro and nanodevices159 among others. 

2.3.4.6 Effect of Al2O3–ALD Coating on Photonic Applications 

ALD can be performed using a wide range of materials. Nevertheless, ALD-Al2O3 photonic crystals 

have been one of the most extensively explored. There are some works in literature that emphasize 

the role of this material in photonic applications. In the sequence, there are the results of some of 

these researches with ALD-Al2O3 thin films for optical applications. Besides, because Al2O3 is a 

biomaterial, its use in biomedicine has been also deeply investigated. 

Li, Cunin et al. 160 have studied ALD-Al2O3 thin films produced with different thickness and heat 

treated at diverse temperatures. Independent of the thickness, the roughness of the produced films 

was less than 1 nm. The effect of the films thickness on the refractive index was also evaluated by 

Li, Cunin et al. 160, and appeared to have a negative impact. Nonetheless, this effect seemed to 

disappear after all the tested heat treatments. This work features the possibility of using ALD 

parameters in order to obtain special materials for specific optical applications. 

Low temperature (<33°C) ALD-Al2O3 growth in photonic crystals was studied by Groner, 

Fabreguette et al.151 Despite the lower reaction kinetics, longer purge and pulses, this experiment 

highlights the use of lower temperatures to obtain films with even lower roughness. Such thin films 

can be used to avoid current, gases or any kind of leakage of other fluids, and for purposes where 

high dielectric constants are important, such as in fuel cells. Besides, it has shown to be an alternative 

method for thermally fragile materials. The films were tested and presented potential results for use 

in bottles insulation. 

ALD-Al2O3 thin films were examined by Sechrist, Schwartz et al.140 to evaluate the ALD- Al2O3 

coating for photonic materials. To monitor the film, the wavelength of the Bragg peak reflection was 

used. It was observed a correlation between the film thickness and the Bragg peak wavelength. 

Sechrist, Schwartz et al.140 and Li, Cunin et al. 160 works are highly comparable and seem to 

corroborate one with another, i.e., before annealing the ALD-Al2O3 thin films, their thickness 

increase seems to have a negative effect on the refractive index. 

The main difference between the works of Sechrist, Schwartz et al.140 and Li, Cunin et al. 160 is that 

the former compare the roughness presented by thin films coated using ALD technique and PECVD 

method, having a much lower roughness on the ALD- Al2O3 films. 
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Skoog, Elam et al. 161 wrote a review regarding the use of ALD coating for biomedical devices, 

biosensors, drug delivery devices and tissue engineering scaffold. The main reason of considering 

this technique for such purpose is its flexibility regarding precursor materials, process, temperature, 

and geometry. Biomaterials such as alumina and titania are between the most investigated for this 

kind of application.162 

2.4 Heat Transfer in Porous Materials 

Highly porous materials have attracted the attention for heat transfer controlling purposes, mostly as 

thermal barriers coatings for gas turbines or heat exchangers. For such applications, ceramics and 

metals are of more interest than polymers. Usually, polymers are unsuitable at extreme conditions, 

such as low or high temperatures, high gas pressures and irradiation fluxes. Nevertheless, even 

ceramic and metallic structures, under extreme environmental conditions, can have microstructural 

changes that may affect the heat transfer in the structure. Two parameters are of main importance: 

scale and the pores connectivity. 

The scale factor is fundamental, because the permeability of the structure decreases in a more refined 

structure; on the other hand, the specific area for heat exchanges gets raised. Another point is that a 

finer microstructure may have a poorer stability under working conditions. High levels of stress can 

be induced by severe working conditions such as extreme temperature gradients and pressures. Thus, 

the mechanical properties of the porous structures are also an essential point of concern. 

There are a few mechanisms of heat transferring in highly porous materials, such as conduction in 

gases and radiation. The conduction in gases depends on the pore’s diameter. Larger pores have two 

effects, molecule-molecule, and molecule-wall, while smaller pores, majorly molecule-wall. (Figure 

10). In the case of metallic templates, would also have heat conduction by electrons. 

 

 

Figure 10. Mechanisms of heat transfer in ceramic porous materials. 1) Phonon conduction; 2) Gas 

conduction molecule-molecule; and 3) radiation scattering at interfaces. 

Anyhow, the heat transfer in gases inside porous bodies is much lower than in free paths and solid 

bulks. The radiation is also affected by the porosity geometry, because radiation is basically scattered 

by interfaces and grain boundaries. 

 

 

1
2

3



 

 

 

 

45 

2.5 Sintering of Highly Porous Materials 

Sintering is the one of the main steps in ceramic processing. The final characteristics of the ceramic 

material like strength, final shape and microstructure, which defines the mechanical properties of the 

material, are assign to it in this part of processing.43 

There are numerous sintering mechanisms that occur concomitantly during this step of ceramic 

processing (Figure 11). Nevertheless, only surface diffusion and vapor transport result in particle 

coalescence and coarsening with no densification of the material. Atomic mobility is improved along 

surfaces due to less spatial constrictions. Therefore, the required activation energy is smaller in 

comparison to either grain boundary or lattice diffusion, which are the major densifying sintering 

mechanisms. Surface diffusion may designate migration of atoms and vacancies along several atomic 

layers. Since no shrinkage occurs during surface diffusion, only a microstructural toughening 

happens (the term “coarsening” is also used to name the process). Coarsening mechanism is 

enhanced, when vapor phase transport is arranged. 44,45 

 

 

Figure 11. Mass transfer during sintering. (After Song et al.46) 

 

Vapor transport mechanism also leads to a neck and grain growth without shrinkage. Both 

mechanisms – surface diffusion and vapor transport – are quite similar. The mass transfer by vapor 

transport takes place via evaporation and recondensation. Besides, this mechanism has as driving 

force the energetically favorable surface area reduction. The achievement of such reduction occurs 

due to a partial pressure gradient along curved surfaces, leading to a mass transport from grains to 

necks in addition to from small to larger grains.44,45 

The predominance of non-densifying mechanisms such as surface diffusion and vapor transport leads 

to the production of highly porous materials.47 As one of the objectives of this research was to 

develop a design that would allow to fabricate a 3D defect-free high-temperature photonic structure, 

the chosen sintering parameters should lead to firing conditions, in which the non-densifying 
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mechanisms would be favored. 

2.6 High Temperature Photonic Structure 

High temperatures photonic structures (HTPS) are materials quite like ordinary photonic crystals. 

Nevertheless, HTPS have chemical and mechanical properties that allows these materials to work 

properly, without any damage at temperatures higher than 1000 K for significant periods. HTPS 

constituents must be chemically and mechanically stable. The substrate and the coating material have 

to be chosen in the way to avoid thermal stresses48 (Figure 12). 

 

 

Figure 12. Schematic illustration of the system substrate-HTPS-hot gas and its interactions that 

should be considered to develop a proper HTPS design. 

 

It means that their thermal expansion coefficient must be similar. Otherwise, a mechanical failure 

may happen. Also, the chemical stability is a critical factor, because once the photonic structure starts 

to react one with each other, the coating photonic properties can be compromised. Consequently, the 

thermal protection of the underlying material would be compromised, leading to a faster degradation 

of the protection coating and the underlying material. Thermal Barrier Coatings (TBC) are 

considered a potential application of photonic structures. In this case, the heat source would be a hot 

gas, about 1700-2000 K, originated from products of a combustion carried out in gas turbines. 

Regarding to the used fuel, the gas composition can vary. However, generally, NOx, CO, CO2, 

hydrocarbons that suffered an incomplete combustion and other residuals of such combustions are 

used. Besides, the gas can come already with some impurities (corrosive products, sulfur, vanadium, 

chloride and so on). For this reason, ceramic thermal barriers are preferred.48,49 Many works have 

been done in the aim of obtaining an appropriate material and design of photonic structures to be 

used for such application.48–50 

The photonic structure and thermal stability of yttria-stabilized zirconia (YSZ) coatings on IN100 

superalloy substrates were evaluated by Scardi et al.49 to verify the possibility of thermal engines 

applications for such material. Panwar et al.50 did some practical experiments in the aim of evaluate 

the influence of YSZ thermal barrier coating thickness on its performance. 

Taking in account the complexity of TBC's subject it is also possible to find in literature some reviews 

considering the application, functionality, and different approaches to develop these materials. 
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Padture et al.51 wrote a review on numerous types of coatings used to protect structural engineering 

materials from erosion and corrosion, or to provide the use of the underlying materials (protected 

materials) in even more extreme environments in relation to the temperatures and pressures, like in 

aircrafts and gas turbines environments. The objective was to discuss the current limitations, future 

opportunities, and applications (e.g., gas-turbine engines). Shklover et al.1 also did a review 

approaching theoretical issues and practical uses of these materials. A discussion regarding the 

evolution of the development techniques and applications of high thermal photonic structures 

(HTPS) was also given. 

In this thesis, part of the current faults regarding to HTPS subject are also investigated. Besides, one 

of the main objectives is to develop a design for photonic structure that allows their use in the 

previously described extreme environments. Processing parameters were tested in the aim of provide 

a high ordered and defect free polymeric template and a correlation between the influence of such 

parameters and the thermal stability is also "investigated". 

2.7 Characterization Techniques 

2.7.1 Scanning Electron Microscopy –SEM  

The scanning electron microscopy (SEM) is a powerful technique for detailed study of a specimen´s 

morphology and topography. When a specimen is irradiated with a high-energy electron beam, 

secondary electrons are emitted from the sample surface. These secondary electrons are detected and 

an image is acquired.52,53 

SEM requires a source of electrons, a column with electromagnetic lenses, electron detector, sample 

chamber and a proper software to display the images (Figure 13). 

 

Figure 13. Scanning Electron Microscopy (SEM) equipment parts. 54 

Electrons are generated at the top of the column, emitted from tungsten or lanthanum hexaboride 

(LaB6) thermionic emitters, accelerated through lenses and apertures to produce a focused beam of 
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electrons, which reaches the sample´s surface. Electron bombardment can produce a wide variety of 

emissions from the specimen, including backscattered electrons, secondary electrons, auger 

electrons, X-rays, visible photons and so on. The specimen is placed on a sample holder in the 

chamber area. Then both the column and the chamber are evacuated by pumps, producing vacuum 

on a level that depends on the equipment. 52,55 Secondary electrons are generated by collisions of 

incident electrons, formed at the column, with atoms that belongs to the sample’s atoms. After each 

collision, new secondary electrons are formed, and the incident electron loses energy until not be 

able to dislodge new electrons. Some of these secondary electrons can be collected by the detector. 

As a direct result, secondary electron imaging is closely related to sample topography and 

morphology.54,56,57 

The SEM systems employed in this work (Leo Gemini 1530 and a Zeiss Supra 55 VP) are shown in 

Figure 14. The observations were performed without covering with conductive metals, once we 

wanted to see highly porous 3D structures. The adopted way out to avoid the charging effect was to 

use a very low energy (EHT), about 2 kV. 

 

Figure 14. Scanning Electron Microscopy (SEM) systems employed in this work: a) Leo Gemini 

1530; and b) Zeiss Supra 55 VP (Timmermann). 58 

 

2.7.2 X-Ray Diffraction 

X-ray diffraction (XRD) is a versatile, non-destructive analytical method used to characterize 

crystalline materials such as minerals and determine their structure. In 1912, Bragg recognized a 

predictable relationship among several factors. The distance between adjacent planes in a mineral (d, 

interatomic spacing) is called the d-spacing and is measured in angstroms. The angle of diffraction 

is called the theta angle, measured in degrees. For geometrical reasons, a common diffractometer 

measures an angle twice that of the theta angle ( Equation 2. The wavelength (λ) of the incident 

X-radiation, is correlated with d and 𝜃 expressed by the Bragg’s law, in which n is a natural whole 

number (n=1,2,3…). 59,60 
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Figure 15. Bragg’s law schematic representation.59 

 

nλ =  2dsinѲ   Equation 2 

 

From XRD, the crystallite size can be calculated by using Scherrer´s formula: 

𝐷 = kλ βcosθ  Equation 3 

where D is the crystallite size; k is the shape factor;  is the wavelength (1.54 Å); β is the full width 

of half maxima; θ is the diffraction angle.  

In the aim to guarantee that the amorphous alumina used to cover the direct polystyrene photonic 

crystals were transformed in α-alumina, XRD diffractions were carried out (Brucker D8 Advance 

Eco X-ray diffractometer), Error! Reference source not found.after each heat treatment performed in 

this research. 

 

Figure 16. Brucker D8 Advance Eco X-Ray diffractometer.62 

 

2.7.3 UV-Vis Spectroscopy 

UV-Vis spectroscopy is used to determine the absorption of the samples at different wavelengths. 

Absorbance is a measure of the light that does not pass through the sample and can be calculated 

using Lambert-Beers law (Equation 4).63  
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A = log
l0

l
=  εγcb Equation 4 

where A is the absorbance; ελ is the specific wavelength at the moment of the measurement; c is the 

concentration of species in the sample; and b is the path length of the light.63 

Because of the correlation between defect density and photonic band profile, it was possible to use 

the optical properties as an indirect, but efficient tool to be able to compare the physical structure 

quality of the fabricated samples. 4,64,65 

UV-vis-NIR spectrometer (Perkin-Elmer, Lambda 1050), Figure 17, was used for characterization 

of the photonic crystals thin films deposited on sapphire substrates. The optical properties of the 

films were studied in the wavelength range of 900-1850 nm with the purpose of comparing the 

produced photonic crystals morphological structure.  

 

Figure 18. UV-vis-NIR spectrometer (Perkin-Elmer, Lambda 1050). 66 

 

2.7.4 Transmission Electron Microscopy (TEM) and Selected Area Electron Diffraction 

(SAED) 

Transmission electron microscope (TEM) is an effective technique for characterization of 

nanoparticles, from few nanometers up to several hundreds, and their composites thin films with 

polymer. TEM principles are like those of scanning electron microscopy (SEM). The main difference 

between the two techniques is that TEM uses electrons instead of photons as energy source. When 

transmitting through thin samples, electrons can be absorbed (bright field image) or diffracted in a 

certain direction (dark field image). With different levels of electrons absorption, areas of the 

investigated material are displayed in the bright field image, while the structure crystallography is 

showed in the dark field image. The material crystallographic structure can be estimated from an 

electron diffraction pattern by Selected Area Electron Diffraction (SAED) analysis. An effective 

characterization and good contrast can be obtained for composite thin films with components having 

great variance in electron absorption.67,68 

A transmission electron microscope (Jeol JEM-2000FX-II) (Figure 19) was applied to investigate 

the crystalline structure of the thin films after 1400 °C, 200 h heat treatments for all tested self-

assembly samples. This technique was also used to study the crystallography of the samples produced 

with 1.5 mg/ml, 55 °C and 70% (polystyrene concentration, evaporation temperature and relative 

humidity) and heat treated at 1400 °C for 4 and 200 h. Afterwards, SEM was carried out with the 

objective of estimating the resultant 3D structures grain size by imaging software (ImageJ, 1.51p22). 
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Figure 20. Transmission Electron Microscope (TEM, Timmermann)58. 

 

2.7.5 Focused Ion Beam– FIB 

Focused Ion Beam (FIB) principle is similar to SEM, but instead of electrons, ions beam is used. 

Accelerated heavy ions, normally gallium, reach the target material, sputtering its atoms. The 

efficiency of the sputtering process depends on the ion source, which should have a low melting 

point and vapor pressure. A Ga liquid metal ion source (LMIS) is composed of a small Ga reservoir 

connected to a tungsten needle. The solid Ga is heated to its melting point and the liquid Ga flows to 

the tip of the needle by surface tension thus wetting the tungsten needle. A strong electric field (108 

V/cm) applied to the end of the tungsten tip causes the liquid Ga to form a point source of about 2–

5 nm in diameter and extracts ions from that narrow tip. The Ga ions are accelerated in an electrical 

field (up to 30 keV). A continuous flow of liquid Ga to the tip replaces the extracted Ga+ ions 

resulting in a constant ion current, which is a basic requirement for an automated sputtering 

process.69,70 

To obtain information about the internal structure of the photonic crystals after each heat treatment, 

including burning out, they were cross sectioned by FIB (FEI Helios NanoLab G3, DualBeam) and 

the sections were imaged by SEM. An epoxy resin infiltration was done to protect the structures 

during the FIB process. The typical beam current that has been used for cutting was 25 pA at an 

accelerating voltage of 2 kV. 

2.7.6 Nanoindentation 

Indentation is a well-known technique that can be applied to characterize thin films, polymers, 

metals, and composites. It can be used to measure mechanical properties on small scale, structures 

with no more than 100 nm and thin films smaller than 5 nm. The test methods may be applied for 

either comparative or qualitative analysis of hardness, wear resistance, thin film adhesion, and elastic 

modulus.71 
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The testing procedure begins with a tip pressuring the sample with an increasing load as long the tip 

penetrates the specimen. An impression is created on the sample, accordingly to the tips shape until 

the user predefined load or displacement value be achieved. Load and tip displacement are 

continually accompanied and measured throughout loading cycle. From the load-displacement data 

(Figure 21), it is possible to estimate the mechanical properties of the evaluated material. 71,72 

 

Figure 21. Load-Displacement curve of an inverse alumina photonic crystal produced at 55 °C, 

70%, 1.5 mg/ml (evaporation temperature, relative humidity, and polystyrene concentration 

respectively) after burn-out (500 °C, 30 min). 

Nanoindentation can also be performed combined with atomic force microscopy (AFM). In this case, 

the testing area and the indentation marks are defined and obtained respectively by AFM imaging.71 

Mostly, nanoindentation has been applied in dense materials. Nevertheless, Chen et al.72 proposed 

the use of this technique for measuring mechanical properties of porous thin films. The author 

investigated the effects of porosity in indentation hardness and elastic modulus applying the finite 

element analyses and concluded that nanoindentation is an applicable technique for evaluating the 

toughness of porous thin films if the indentation depths are sufficiently small to avoid substrate 

effect. Rosário et al.73 applied nanoindentation in inverse titania opal photonic crystals with the 

objective of evaluating the stiffness of the produced structures as well as the structural efficiency.  

In this thesis, we used nanoindentation with the purpose of evaluating the mechanical stability of 

inverse alumina opal photonic crystals structures after each heat treatment applied. A quantitative 

result was not expected, but a new way of comparing the fabricated structures mechanical stability. 

The nanoindentation test was performed (Nanoindenter XP) with a flat ended 60° conical diamond 

indenter adopting a displacement rate of 10 nm-1, i.e., the same parameters employed by Rosário et 

al.73 in inverse titania opal photonic crystals. 
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3 MATERIALS AND METHODS 

3.1 Preparation of Direct Photonic Crystals 

3.1.1 Vertical Colloidal Deposition 

Monodisperse polystyrene (PS) particles (Microparticles GmbH), with diameter of 0.762 ± 0.023 µm 

were self-assembled onto single crystal sapphire substrates (25×30×0.53 mm, Crystec GmbH). 

Vertical colloidal deposition was performed in a humidity chamber (HCP 108, Memmert GmbH) 

using Teflon beakers containing PS suspensions in deionized filtered water (Figure 22). 

 

 

Figure 22. Image of the direct photonic crystals preparation. 

 

The colloidal crystals films were obtained by controlled evaporation of the solvent. After 120 h, or 

the complete solvent evaporation, the self-assembly process was interrupted. The produced samples 

were then enclosed with a glass cover and placed in a laboratory fume hood for 24 h, resulting in 

direct polystyrene photonic crystals (Figure 23). In this step, different processing parameters were 

tested: polystyrene (PS) concentration (1, 1.5, or 2 mg/ml), evaporation temperature (40, 55, or 80°C) 

and relative humidity (45%, 70%, or 90%). 

 

 

Figure 23. Image of polystyrene (PS) direct photonic crystal. 
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3.2 Filling of Direct Photonic Crystals 

3.2.1 Atomic Layer Deposition 

Atomic layer deposition (ALD) was performed in a reactor (SavannahTM 100, Ultratech/Cambridge 

Nanotech) for filling the direct photonic crystals (PS templates) with trimethylaluminum (TMA, 

Sigma Aldrich), at 95 °C to avoid structural changes or damage of the polymer templates. An average 

growth rate of 1.7 Å/cycle was achieved. The cycle was performed under exposure mode (0.2/60/90 

s) with nitrogen as carrier gas (30 standard cm3) using the precursors, TMA, and deionized water. 

(Figure 24) 

 

Figure 24. Image of polystyrene (PS) direct photonic crystals infiltrated by atomic layer deposition 

(ALD). 

 

3.3 Heat Treatment of Inverse Alumina Opal Photonic Crystals  

3.3.1 Burn Out 

After ALD, the polymeric template was burned out in air at 500 °C for 30 min, generating the inverse 

photonic crystal structure. 

3.3.2 Sintering 

The inverse alumina opal photonic crystals were heat treated at 1400 °C for 4 h and 200 h in air in a 

muffle furnace. 

3.4 Characterization of Direct and Inverse Opal Photonic Crystals  

3.4.1 Visual analysis 

About 20 pictures, in different angles, were taken from the direct opal photonic crystals samples to 

analyze possible visual defects and diffraction effects.  

3.4.2 Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) cross-section and top view images were done of the direct and 

indirect opal photonic crystals (Zeiss Supra VP 55) for morphological analysis.  
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3.4.3 UV-Vis 

The optical response of both direct and inverse photonic crystals was evaluated by specular 

reflectance measurements (UV-vis-NIR spectrometer, Perkin-Elmer, Lambda 1050) from 900 to 

1850 nm and incident angle of 8°. 

3.4.4 X-Ray Diffraction 

X-ray diffractometry (XRD) measurements of the inverse photonic crystals were carried out 

(Drucker D8, Advanced) using Cu Kα radiation with a wavelength of λα1 = 1.5406 Å. The analysis 

ranged from 20 to 60º (2θ) with a step size of 0.01º and a measuring time of 5 s/step. Background 

noise and Kα2 superimposition were subtracted from the patterns using analysis software for phase 

identification. 

3.4.5 Transmission Electron Microscopy and Selected Area Electron Diffraction 

For the inverse photonic crystals treated at 1400 °C for 200 h and for the inverse photonic crystal 

produced with 55 °C, 70% and 1.5 mg/ml (evaporation temperature, relative humidity and 

polystyrene concentration) heated to 1400 °C for 4 h, parts of the sample were crushed, dispersed in 

ethanol by ultrasonication and transferred to a carbon-coated grid for TEM imaging and selected-

area electron diffraction (SAED, TEM, Jeol JEM-2000FX-II) 

3.4.6 Focused Ion Beam 

The resultant 3D structures of the photonic crystals after each heat treatment, including burning out, 

were investigated. The 3D structures were cross sectioned by FIB (FEI Helios NanoLab G3, 

DualBeam), and the sections were imaged by SEM. An epoxy resin infiltration was done to protect 

the structures during the FIB process. The typical beam current that has been used for cutting was 25 

pA at an accelerating voltage of 2 kV. 

3.4.7 Nanoindentation 

A nanoindenter (XP) equipped with a flat ended 60° conical diamond tip was used to provide a new 

comparison method of the mechanical stability of the produced inverse alumina opal photonic 

crystals after each performed heat treatment. The depth was fixed (2000 nm) and a displacement 

constant in (1 1 1) direction was also predetermined (10 nm·s-1). As the nanoindenter is also equipped 

with AFM, the areas that would be tested were previously selected and checked to avoid cracks and 

edges. 

3.4.8 Image Analysis 

A dedicated software (Image J, version 1.51p22) was used to estimate structural properties. 

3.4.8.1 Thickness Measurement 

The SEM cross-section images of the direct opal photonic crystals were analyzed (Image J, version 

1.51p22) in the aim of a thickness estimative. About 10 images of each sample were measured. 
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3.4.8.2 Defective Area Estimation 

The direct opal photonic crystals defects were evaluated by image analysis (ImageJ, 1.51p22) of a 

minimum of 20 SEM images taken at lower magnification. For elimination of noise (coming from 

the shadowing in between the spheres) a Gaussian filter was applied, with no loss of information 

concerning the defects. After binarization, the defects area was analyzed by automated threshold 

definition. 

3.4.8.3 Grain Size Estimation 

TEM bright field images were taken from the inverse photonic crystals treated at 1400 °C for 200 h 

and for the inverse photonic crystal produced with 55 °C, 70% and 1.5 mg/ml (evaporation 

temperature, relative humidity and polystyrene concentration) heated to 1400°C for 4 h were 

analyzed in Image J. The average grain size was estimated. 
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4 RESULTS AND DISCUSSION 

4.1 Polystyrene Direct Opal Photonic Crystals  

4.1.1 Visual characterization 

The direct polystyrene photonic crystals fabricated by vertical deposition self-assembly showed an 

angle dependent reflectance behavior when interacting with visible light, which was expected. As 

shown in Figure 25. Photo (a) and SEM image (b) of a PS direct photonic crystal self-assembled on 

a sapphire substrate at 55 °C and 70% RH using a PS suspension concentration of 1.5 mg/ml. Scale 

bars represent 8 mm and 2 µm, respectively. reflected light changes from blue-green to red as 

consequence of the incident angle.25  

 

Figure 25. Photo (a) and SEM image (b) of a PS direct photonic crystal self-assembled on a 

sapphire substrate at 55 °C and 70% RH using a PS suspension concentration of 1.5 mg/ml. Scale 

bars represent 8 mm and 2 µm, respectively. 

All the produced samples showed also characteristic self-assembly stripes (Figure 26), which were 

expected from the vertical deposition and described elsewhere74,75. The orientation of the stripes is 

perpendicular to the growth direction of the crystalline layer and shows a characteristic periodicity. 

According to Yoldi et al.75, the stripes are formed when the meniscus draws back with a 

discontinuous velocity, with the surface tension embracing the meniscus. When the tension turns to 

be too elevated, there is the film rupture and a new meniscus starts to grow, generating the stripes. 

 

 

Figure 26. Vertical colloidal deposition typical strips. 
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4.1.2 Influence of suspension concentration 

The polymer concentration plays an important role in the opals film growth. Solvent evaporation out 

of the thin meniscus leads to a constant solution influx, which draws the colloid into the area of film 

formation26. The suspension concentration controls the particles flux, and consequently the thickness 

of the crystals films76.  

As shown in Figure 27. Top view and cross section SEM images of PS direct photonic crystals 

produced at 55 °C and 70% RH for PS concentrations of 1 (a,b), 1.5 (c,d) and 2 mg/ml (e,f). The 

scale bars are equivalent to 2 µm (a,c,e), 1 µm (b), 2 µm (d), and 3 µm (f). In the inserts, the scale 

bars are equivalent to 2 µm. and Figure 28, the thickness of the produced films increases with the 

suspension concentration. Although a higher thickness is desired for a probable higher reflectance, a 

higher fraction of defects was observed.  

 

 

Figure 27. Top view and cross section SEM images of PS direct photonic crystals produced at 55 

°C and 70% RH for PS concentrations of 1 (a,b), 1.5 (c,d) and 2 mg/ml (e,f). The scale bars are 

equivalent to 2 µm (a,c,e), 1 µm (b), 2 µm (d), and 3 µm (f). In the inserts, the scale bars are 

equivalent to 2 µm. 
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Figure 28. Effect of suspension concentration on the direct photonic crystals’ thickness and area 

fraction of defects. 

These results are in agreement with the results presented by Yan et al.76, which modified the total 

volume of the solvent. The increase in the thickness by variation of the suspension concentration was 

also reported by McLachlan et al.77, for direct polystyrene photonic crystals (volume variation of 1 

to 5%) and by Zhang et al.6 No quantification of the defects density was presented, though.  

Bormashenko et al.24 also found that the concentration of the solution exerts a decisive influence on 

the mesoscopic cell characteristic dimension. Cell dimensions grow linearly with the polymer 

solution concentration for all kinds of tested polymers, solvents, and substrates. The dependence 

could be explained by a physical mechanism, based on the mass transport instability occurring under 

the intensive evaporation of the solvent. Bormashenko et al.24 demonstrated that the variation of the 

polymer solution concentration can supply such qualitative data and shed some light on the physical 

mechanisms responsible for the patterning in evaporated polymer films. 

In this work, the increment in the direct photonic crystals’ thickness generated a higher density of 

cracks and the adhesion to the substrate was compromised, which was also observed by Liu et al.78, 

but not quantified. Although the thickness jumped from 8 to 88 µm (100%) for the concentration 

increase from 1.5 to 2.0 mg/ml, the increase in the defects’ density kept a linear relation to the 

concentration. This indicates that the majority of the defects are possibly generated and guided by 

the particles’ interactions, either between the substrate or the already assembled layers, and the free 

particles still in suspension. The possible defects of polymeric direct photonic crystals (self-

assembled templates) are drying cracks, vacancies, screw dislocations and Frenkel defects (Figure 

29), here characterized and named as defects density.79 This linear dependence with concentration 

was also observed elsewhere.80 - 81 
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Figure 29. Defects such as 1) vacancies and 2) dislocations on a direct polystyrene photonic crystal 

produced with 2 mg/ml, 55 °C and 70% (polystyrene concentration, evaporation temperature and 

relative humidity respectively). The scale bars represent 2 µm. 

In this research, the reflectance was measured to support the defects analysis of the direct photonic 

crystals. Many works such as those from Liau et al.81 and Zhou et al.82 affirm that the reflectance 

gets lower when the defects amount increases, which was not observed in this work (Figure 30). 

This behavior is most likely associated to the higher number of assembled layers for higher 

suspension concentration, supported by other authors.82, 81 - 83 

 

 

Figure 30. Specular reflectance measurements of the PS direct photonic crystals according to the 

PS suspensions initial concentration (1, 1.5 and 2.0 mg/ml). 
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b
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4.1.3 Influence of Temperature 

It was found that the self-assembly temperature is one of the most important parameters, a key point 

for solvent evaporation, in the self-assembly of colloidal particles.84 More elevated temperatures 

raise the evaporation rate and tensile stresses created into the films are increased. These tensile 

stresses are generated during the drying step, in which the distance between two particles increases 

and cracks are formed. This phenomenon is quite common during vertical deposition process. 

Vacancies are also produced when the evaporation speed is too high, and the particles do not have 

enough time to move to the optimal lattice before its deposition on the substrate. 85 

According to Mastai et al.86, The et al. 87 and Bogue 88 these vacancies and cracks can compromise 

photonic crystals applications because the periodicity is interrupted by the defects. Ahmed et al.89 

investigated the influence of the defects on the photonic crystals structures, by comparing the 

photonic bandgap (PBG) of a perfect 1D and 2D  photonic crystal and of a defective 1D and 2D 

photonic crystal. According to Ahmed et al.89, there is a difference between the PBG of the perfects 

and the defectives ones. The PBG of the defectives samples was partially destroyed. 

In this work, the effect of the evaporation temperature was evaluated, while the suspension 

concentration and the relative humidity were kept at 1.5 mg/ml and 70%, respectively. The thickness 

and defects amount have a clear correlation with the evaporation temperature, being increased by the 

temperature raise (Figure 31).  

 

 

Figure 31. Effect of the evaporation temperature on the film thickness and area fraction of defects. 
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It is important to point out that the self-assembly process was interrupted either after 96 h or after 

total evaporation of the solvent. For the process performed at 80 °C, the process time was 40% faster 

than the ones performed at 55 and 40 °C. Although the amount of defects was higher for this 

condition (36% against 28% for the process at 55 °C), the higher thickness obtained at reduced time 

could be an advantage of such high temperature self-assembly process, if the colloidal film 

mechanical stability and photonic response are still considered acceptable (Figure 32). 

 

Figure 32. Specular reflectance measurements of the PS direct photonic crystals according to 

different process temperatures (40, 55, 80 °C). 

The direct photonic crystals produced at 55 and 80 °C as evaporation temperature, showed more 

defects such as cracks and vacancies (Figure 33) than those fabricated at 40 °C. 

 

 

Figure 33. Top view SEM images of PS direct photonic crystals showing the self-assembly cracks 

according to the process temperature (40, 55 and 80 °C) using PS suspensions concentration of 1.5 

mg/ml, and RH kept at 70%. The scale bars in the figures represent 10 µm. In the insets, the scale 

bars represent 0.15 µm. 

 

The reflectance measurements support the structural evaluation of the direct photonic crystals quality 

(Figure 32), as the samples produced at 40°C presented higher reflectance than those fabricated at 

55 and 80°C, even though the thickness was smaller (18 to 20 and 37 µm, respectively). This 

relationship between colloidal films quality (direct photonic crystals in our work) and evaporation 

a

b

c
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temperature has been also discussed qualitatively elsewhere90-91. Chun et al.92 compared the 

morphology of colloidal crystals obtained at evaporation temperatures of 45, 60 and 70°C, with 

constant humidity (90%). High quality crystals with respect to ordering and reflectivity were 

obtained at 45 °C in 24 h, while poorly ordered structures (indicating a lot of defects) were produced 

at the other two temperatures, which also corroborate our results.  

In contrast, Im & Park84 observed that the quality of the formed crystals was increased from 30 to 60 

°C, which was not observed in the current work, though. However, the samples prepared at 90 °C in 

their case also revealed significantly more defects, which is in good agreement with the trend we 

observed.  

4.1.4 Influence of relative humidity 

The influence of humidity on the ordering and defects of the direct photonic crystals can be even 

more critical than the pure temperature. Relative humidity influences the evaporation rate and the 

crystal formation.78  

Figure 34 and Figure 35 present the dependence of the film thickness, defects amount and structural 

ordering. The results showed that the higher the relative humidity (actively controlled by the 

humidity chamber), the thicker, more ordered and less defective the photonic crystals.   

 

 

Figure 34. Effect of relative humidity on the film thickness and area fraction of defects. 
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Figure 35. Top view and cross section SEM images of PS direct photonic crystals according to the 

relative humidity of 45% (a and c) and 70% (b and d), at 55°C and PS initial concentration of 1.5 

mg/ml. In all images, the scale bars are equivalent to 2 µm. In the insets the scale bars are 

equivalent to 0.25 µm. 

The samples fabricated at 70% RH presented a higher reflectance than those produced at 45% RH 

(Figure 36) strongly supporting our observation regarding suppressed defect at higher RH. The lack 

of ordering in the structure is clearly visible in the cross section analysis (Figure 35c), where the 

samples presented a more photonic-glass like appearance 93.  

 

 

Figure 36. Specular reflectance measurements of the PS direct photonic crystals according to 

relative humidity (45%, 70%). 
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Please note, at 90% humidity, no self-assembly could be observed, in accordance to Kuai et al.,4 who 

tested several RH values and found a decrease in the films thickness for values larger than 77%. 

Furthermore, Liu et al. 78 presented similar humidity values (40, 70 and 90%) as our work and 

observed that high or low RH values resulted in many vacancies and dislocations formation, 

indicating that there probably exist an optimum point around 70%. Specifically, a lower humidity 

promotes liquid evaporation, increasing the evaporation rate, and bringing additional internal stress, 

thus increasing the cracking and defects in the direct photonic crystals. However, higher RH – close 

to the optimum point the lateral capillary force and slower liquid evaporation – results in a better 

crystalline quality. Overcoming this point, a very low evaporation rate and too weak lateral force 

occur resulting in poor crystal quality. The fact that Liu et al. 78 could obtain samples even with a 

low quality, might be related with the chamber pressure. In that case, a pressure of 6 kPa was applied, 

while this work was performed always under atmospheric pressure.  

4.2 Inverse Alumina Opal Photonic Crystals  

After the ALD and polymer template burn-out, inverse opal photonic structures of Al2O3 were 

generated5 (Figure 37). Reflectance measurements show a shift in the peak associated to the photonic 

band gap (Figure 38), which is related to the overall different structure and also to the different 

refractive indexes relationship between PS and air, and Al2O3 and air.94 

 

 

Figure 37. SEM images of cross section (a, c, e and g) and top view (b, d, f and h) of the produced 

alumina inverse opals. Temperature and relative humidity were respectively: 40 °C and 45% RH (a 

and b); 40 °C and 70% (c and d); 55 °C and 70% (e and f); 80 °C and 70 (g and h). Scale bars 

represent 5 µm in the full images and 1 µm in the insets. 
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Figure 38. Specular reflectance measurements of the direct (a,b,c) and inverse (d,e,f) opal photonic 

crystals for different (a,d) PS suspensions initial concentration (1, 1.5 and 2.0 mg/ml) at 55 °C and 

70% (RH); (b,e) process temperatures (40, 55 and 80 °C, at initial concentration of 1.5 mg /ml and 

70% RH; (c,f) humidity conditions (45 and 70%) at 55 °C and PS initial concentration of 1.5 

mg/ml. 

Inverse opal photonic crystals present a more efficient scattering system than direct photonic 

crystals95, due to a larger relationship between gap-to-midgap94 ratio. Since the inverse opal photonic 

crystals produced in this work presented slightly lower values for the reflectance, one can assume 

that an additional small amount of defects, probably vacancies, faults and cracks (Figure 39) 

originated during the heat treatment (polystyrene burn out) were introduced during ALD and 

template burn-out. Zhang et al.96 investigated metallic inverse opals produced by sol-gel infiltration. 

The author found that the defects that were already in the photonic crystal structure were magnified 

and other ones were added after infiltration and burn out procedures. Zhang et al.96 localized the 

inverse opals structural defects and called them V, P and H defects. V defect is a pore that is bigger 

a)

b)

d)

e)

f)c)
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than the others, P is related to deformed pores and H is coalesced pores. Although the used materials 

and the infiltration method being different from the adopted in this work, we also found H defects in 

the produced inverse alumina opals. The appearance of this kind of defects and the magnification of 

the already existent cracks and faults may be the cause of the reflectance suppression observed when 

the data obtained before ALD and burn out are compared to the ones accessed after these procedures.  

 

 

Figure 39. SEM image of an inverse alumina opal photonic crystal produced at 1.5 mg/ml, 55 °C, 

70% (PS concentration, evaporation temperature and relative humidity). The arrows show “H” 

defects96. 

Liau et al. 81 and Zhou et al. 82 showed that an increase in the defects amount causes a decrease in 

the reflectance peak. However, these papers dealt with polymer-based direct photonic crystals, not 

with ceramic inverse opal photonic crystals. Nevertheless, a correlation between those behaviors can 

be made. It can be concluded that most defects originated during the self-assembly step remained in 

the structure even after ALD. However, the ALD infiltration followed by thermal handling (polymer 

burn-out) suppressed the reflectance, which might mean that the defects, already present in the 

structures, were magnified by these procedures. This means the reflectance capability of the ceramic 

oxide-based inverse opal photonic crystals is defined and greatly influenced by the initial polymeric 

template self-assembly parameters. 

Besides, the application of focused ion beam (FIB) has been done with the objective of a better 

structural investigation of the inverse photonic crystals (Figure 40). FIB has been widely studied for 

nano-optical materials such as photonic crystals, mainly of these researches have been reported for 

gallium compounds.97–99 In this work, gallium was applied as ions source; however, as can be seen 

in Figure 40, this technique showed to be too aggressive for the tested samples. Cryan et al.99 used 

FIB for GaN two dimensional photonic crystals, Huyang et al98 for silica 2D photonic crystals and 

Ridder et al.97 for SiC or LiNbO3. All these authors had high resolution images, which helped to make 

a detailed structural study. Nevertheless, Cryan et al.99, Huyang et al.98 and Ridder et al.97 also 

reported problems with FIB induced optical damages. Differences among the results obtained in this 
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research and the ones found by Cryan et al.99, Huyang et al.98 and Ridder et al.97 happened, probably, 

because different materials were used. Olea-Mejía et al.100 investigated the FIB-SEM technique 

applications and found that for polymeric and other fragile materials, such as the ones we studied, 

FIB-SEM can bring heating damage, redeposition and curtain effect. Heating damage is the 

formation of cracks or deformed areas on the samples because of heat (Figure 40-a,1;b,2;c,4;d,6 and 

7). Moreover, during milling the material from the surface is ejected in every direction and can be 

redeposited on the walls of the milled area (Figure 40-c,5). Finally, when material from the surface 

is ejected, some holes can be seen on the milled surface area (Figure 40-b,3). 

 

Figure 40. Focused Ion Beam (FIB) images of inverse alumina opal photonic crystals produced at 

a) 40°C, 45%, b) 40°C, 70%, c) 55°C, 70% and d) 80°C, 70% (evaporation temperature and 

relative humidity, respectively). The scale bars represent 1 µm. The numbered arrows 1, 2, 4, 6 and 

7 present heat damaged areas of the tested samples; 3 and 5 show the curtain effect and redeposited 

material, respectively. 

 

Considering that all FIB-SEM images showed a very damaged area, caused by FIB-SEM effects, a 

detailed investigation of the inverse opals structures was not possible by applying this technique.  

4.3 Heat Treatment of Inverse Alumina Opal Photonic Crystals 

4.3.1 Phase identification 

XRD data were collected with angular sweeping from 2θ, 20° to 60° at 0.1◦/min (Figure 41 and 

Figure 42) before and after high temperature heat treatment. Before sintering, it is possible to see 



 

 

 

 

69 

that the photonic crystal sample is covered by amorphous alumina. No crystalline phase can be 

identified from the diffractogram (Figure 41). As all produced samples were covered with the same 

material and presented amorphous phase, as shown in Figure 41, only the result from the sample 

prepared at 50°C and 70% (evaporation temperature and relative humidity) is represented in Figure 

41, as a reference. The peak between 20° and 25° is typical of the sapphire substrate.101 

 

Figure 41. XRD diffractogram of an inverse alumina opal photonic crystal after burning out 

produced at 55 °C, 70% (evaporation temperature and relative humidity). 

The phases, after both heat treatments, were identified by comparison with the ICDD (corundum, 

00-010-0173). The XRD patterns of all samples do not show the high intensity and broad peaks of 

alumina in α-alumina phase. It may had occurred because of an overlap of corundum peaks with the 

peaks of the substrate (sapphire) and the other phases that are not evidently discernible 102 in the 

diffractogram, as the peaks between 42.5° and 45°. 
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Figure 42. XRD diffractogram of heat-treated inverse alumina opal photonic crystals. 

During high temperature treatment of alumina, various transition alumina phases are formed before 

reaching the most stable phase, α-Al2O3. 
103–105 The thermal stability of porous transition alumina at 

high temperature is a crucial challenge for several applications.104 The structural transformation of 

transition alumina into well crystallized α-Al2O3, which occurs at around 1200°C, is described by a 

nucleation and growth mechanism. 103 The samples produced during this research were heat treated 

at 1400 °C for 4 h and 200 h. As previously discussed by Rossignol et al.103, Boumaza et al.104 and 

Kumagai et al.105, at this temperature alumina is already in α-Al2O3 phase, as can be seen in Figure 

42. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

71 

4.3.2 Ordering and Structural Defects 

 

Figure 43. SEM top view images showing the structural evolution of the produced inverse alumina 

opal photonic crystals after each heat treatment. The scale bars represent 0.5 µm. 

 

The evolution of the inverse alumina opals photonic crystals after each heat treatment was evaluated. 

SEM analysis (Figure 43) has been done in the aim to investigate the sintering effect on the 3D 

structures. As previously discussed, it was found that with the increase of the evaporation 

temperature, the colloidal crystal shows an increasing amount of defects due to the fast water 

evaporation rate.106 As with RH, the evaporation temperature during vertical deposition also 

influences the solvent evaporation rate, and thus it is an important parameter during crystal growth.  

Kuai et al.4 and Ye et al.106 produced high quality colloidal crystals from aqueous solutions with a 

vertical deposition technique. Both authors found that processing parameters have a strong influence 

on ordering and defects amount present in the resultant structures. Figure 43 shows top view SEM 
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images of inverse alumina opals photonic crystals presenting this same tendency, i.e., the self-

assembly parameters adopted on the direct polystyrene photonic crystals preparation kept their 

effects after each heat treatment performed in this work. Nonetheless, it is also possible to see that 

the self-assembly parameters structural influence is magnified with heat treatment.  

In Figure 43, it is possible to observe that the dwell time and temperature had a significant influence 

on the final 3D structure. An increasing on structure degradation can be perceived, when the inverse 

alumina opals structures are compared after burning out, heated at 1400 °C for 4 h and 200 h. After 

burning out (Figure 43- a, b, c and d), the structures remained stable, i.e., thermal damages cannot 

be visually noted. However, after heating the samples to 1400 °C for 4 h, it is already possible to see 

some thermal damages. Finally, after 200 h at 1400 °C, the collapse of almost all 3D structures 

occurred. The sample produced at 40°C and 70% (evaporation temperature and relative humidity, 

respectively) showed a different behavior: its surface did not collapse but densified instead. The self-

assembly tests were repeated in the aim to check the reproducibility of the results and it was 

confirmed.  

Lin et al.107 prepared inverse alumina opal photonic crystals and heated the samples at 1200 °C, 1 h 

and at 1400 °C, 1 h. Lin et al.107 observed that until 1200 °C the inverse alumina opal photonic 

crystals remained without any significant degradation, contrasting with the ones that reached 1400 

°C, which were damaged, presenting a vermicular structure. Furlan et al.5 fabricated highly porous 

α-alumina and, as Lin et al.107, heat treated the samples at 1200 °C, 1 h. Nevertheless, Furlan et al.5 

had already a vermicular structure at 1200 °C; subsequently, they heated the inverse alumina opal 

photonic crystals to 1400 °C, 4 h and also obtained a vermicular structure. These resultant structures 

from Furlan et al.´s5 work presented the same vermicular structure as the ones heated to 1200 °C. In 

the current work, only the inverse opals produced at 55 °C, 70% (evaporation temperature, relative 

humidity) were heated to 1200 °C for 1 h and 4 h; the rest of the samples were heated to 1400 °C for 

4 h and 200 h. The samples heat treated at 1200 °C for 1 h and 4 h had no several structural changes; 

the ones submitted to 1400 °C for 200 h completely collapsed, which was also found by Lin et al.107 

but not by Furlan et al.5. The difference between the results obtained can be explained by the 

discrepancy in the dwell time or the heating rate. Also, cross section SEM images (Figure 44) were 

performed to allow a deeper study of the resultant 3D structures. 
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Figure 44. SEM cross section images showing the structural evolution of the produced inverse 

alumina opal photonic crystals after each heat treatment. The scale bars represent 0.5 µm. 

 

Considering the principles of heat treatment on highly porous structures,108,109 a possible explanation 

for the discrepancy between the top view (Figure 43) and cross section (Figure 44) SEM images can 

be elaborated. The inverse opals were sintered having electric resistances as a heating source, which 

may provide heat transfer by conduction, radiation, and convection on the material´s surface. 

However, in highly porous structures such as the ones showed in Figure 43, gas phase conduction, 

recirculatory convective gas flow and convective gas flow through interconnected porosity might 

happen.110 Clyne et al.110 analyzed how heat transfer takes place in porous materials of various types 

(Figure 45), including metals and ceramics. They found that the heat transfer in porous materials is 

slower than in bulk materials leading to a higher temperature on the surface than in the porous area 

of the samples.  
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Figure 45. Typical porous structures heating transfer (1- gas phase conduction, 2- recirculatory 

convective gas flow, and 3- convective gas flow through interconnected porosity) showed in a 

SEM image of an inverse alumina opal photonic crystal produced at 55 °C and 70% (evaporation 

temperature and relative humidity) and heat treated at 1400 °C for 4 h. The scale bar represents 1 

µm. 

This difference, between the top view and cross section areas, is even more noticeable in Figure 43-

j, in which is also possible to perceive a discrepancy between this, and the other structures showed 

in Figure 43 as well. Lamouri et al.111 studied the aptitude to sintering green bodies using γ-Al2O3 

as raw powder. Lamouri et al.111 focused on the influence of the heating rate on densification and 

microstructural evolution, and found that lower heating rates led to higher grain growth. Just as in 

this work, the alumina densification is based on grain growth and nucleation; consequently, at lower 

heating rates, it is possible to obtain more densified samples. Nonetheless, all samples produced in 

that case were sintered at the same heating rate (5 °C/min). Another observation of Lamouri et al.111 

is that the formation of a glassy phase – located in grain boundaries and triple points – facilitates 

alumina densification during sintering, which could be what happened with the structure presented 

in Figure 43-j. Figure 46 shows the structure obtained by  Lamouri et al.111 (Figure 46-a) and in 

this work in a higher magnification than showed in Figure 43-j (Figure 46-b)  

 

Figure 46. SEM images of a) inverse alumina opal photonic crystal produced with 40 °C, 70% 

(evaporation temperature and relative humidity) heat treated to 1400 °C for 4 h and b) alumina 

powder heat treated at 1700 °C for 2 h (Adapted from Lamouri et al111). Scale bars represent 1 µm. 
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The samples in Figure 43 and Figure 44 were prepared with different combinations of self-assembly 

parameters (polystyrene concentration, evaporation temperature and relative humidity). As 

previously discussed, these processing parameters have a strong influence on structure ordering. The 

inverse alumina photonic crystals produced at 40 °C, 70% (evaporation temperature and relative 

humidity, respectively) presented the most ordered structure, when compared with the ones 

fabricated using other self-assembly parameters combinations. A possibility is that because of the 

high organization order, the alumina shells, after atomic layer deposition (ALD), were closer than in 

other samples, facilitating the production of a more densified structure as showed in Figure 43-j. 

With the objective of making a comparison of the 3D structure produced in this research and the one 

obtained by Lamouri et al.,111 the grain size of the structure showed in Figure 43-j was measured 

(Image J). The grain size was around 3.7±1.1 µm, which is similar to Lamouri et al.111 result for the 

structure in Figure 46-b (3.2 µm), corroborating with the hypothesis that the same phenomenon had 

occurred in both structures. Thus, a high densification was related to grain growth, a typical behavior 

of alumina materials. 

4.3.3 Crystallinity and Grain Size Estimation 

To understand the structural characteristics of sintered inverse alumina opal photonic crystals, 

TEM investigations were carried out. TEM was also used to estimate inverse alumina opals grain 

size. TEM pictures were taken at two different magnifications (25k and 45k) to obtain information 

about the sample in general, plus a closer visualization of the grains. The estimative of the grain size 

analysis were performed using Image J (version 1.51 J8).  

Figure 47 shows TEM images that were used in grain size estimative. At least 30 measurements of 

each sample were done.  

 

Figure 47. TEM images of inverse alumina opal photonic crystals produced at a) and d) 55 °C, 
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70%, b) 40 °C, 45%, c) 40 °C, 70% and e) 80 °C, 70%; heat treated at 1400 °C for 4 h (a) and 200 

h (b,c,d,e). 

TEM analysis reveals that the structures consist of single grain domains of up to 1.6 µm, each 

containing a randomly interconnected network of alumina ligaments that share a common crystalline 

orientation, suggesting a different mechanism of grain boundary migration during sintering. It was 

also found that the dwell time has influence on the alumina grain size. The inverse alumina opals 

produced at 55 °C and 70% (evaporation temperature and relative humidity, respectively) and 

sintered at 1400 °C for 4 h had the grain size of 1.0±0.2 µm. The samples, fabricated with the same 

conditions, but heat treated at 1400 °C for 200 h presented grain size of 1.6±0.3 µm. Thus, different 

processing parameters seemed to have a great influence on the structural ordering and defects, but 

not on the grain size. This aspect seemed to depend principally on the material, in this case, alumina. 

Furlan et al.5 applied TEM analysis to estimate grain size of 3D inverse alumina opals produced at 

55 °C and 70% RH, and sintered at 1400 °C for 4 h. In that case, values of 3 µm were found for the 

structured grain size. TEM is often used to determine the size or distribution size of grains and 

particles. Nevertheless, this method is open to human errors, once finding and stipulating the grain 

boundaries depends on the person that is making the analysis; so it is possible to say that only a grain 

size estimation can be done rather than a determination.112 

In the aim of having a more accurate grain size measurement many reasearchers113–116 use XRD 

diffraction associated with TEM. For the samples investigated in this work, this was not possible 

because the grain size was over 1 µm, and the obtained XRD diffractograms had broad peaks with 

low counting, which hindered the application of the Rietveld method.117 

Figure 48 shows the bright field TEM image of α-alumina single crystal and corresponding selected 

area electron diffraction (SAED) pattern, which confirm that the free-standing crystal presents single 

crystal characteristics. Figure 48 shows SAED patterns of the inverse alumina opal photonic crystals 

heat treated at 1400 °C for 200 h and for the inverse alumina opal photonic crystals sintered at 1400 

°C for 4 h of the sample produced at 55 °C and 70% RH, which were adopted as reference. The 

objective of applying TEM on these samples after the first and second sintering steps (1400 °C for 4 

h and 200 h, respectively) was to verify if the single crystals characteristics would remain after 200 

h of heat treatment, which seems to happen when comparing Figure 48(b and d).  
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Figure 48. TEM images (a,c,e,g and i) and SAED patterns of inverse alumina opal photonic 

crystals heat treated at 1400 °C for 4 h (a and b) and 200 h (c,d,e,f,g,h,i and j). The used self-

assembly parameters are on figures right side. 

 

SAED patterns, including its diffraction indices, from inverse alumina opal photonic crystals are 

shown in Figure 48. Indexing this pattern proves the presence of pure α-alumina in these samples. 

SAED patterns were acquired from several areas in inverse alumina opal photonic crystals and only 
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α-alumina was detected in all of them. However, as SAED only probes the crystal structure 

locally118,119, then the patterns were acquired from several areas in inverse alumina opal photonic 

crystals and the results were consistent in all the different areas. 

4.3.4 Mechanical Stability Comparison 

The produced photonic crystals, after each heat treatment, had their mechanical stability evaluated 

by the application of nanoindentation. A nanoindenter was used with a fixed depth (2000 nm) and 

displacement rate (10 nm·s-1). These parameters were based on the ones used by Rosário et al. 73, 

who measured mechanical properties of inverse titania opal photonic crystals applying this method.  

Nevertheless, differently from Rosário et al.73, here the nanoindentation test was applied with the 

objective of providing a comparison of mechanical stability. Our objective was not to measure a 

specific mechanical property, but perform and compare load-displacement curves (Figure 49). It is 

possible to see in this case that the load value varied widely along the same sample. The percent of 

the load divergence for each sample was calculated and it is shown in Table 1. Load percent 

divergence in relation to self-assembly and heat treatment parameters. 

Table 1. Load percent divergence in relation to self-assembly and heat treatment parameters. 

Heat treatment 

temperature, 

time 

Evaporation Temperature, Relative Humidity 

40 ºC, 45% 40 ºC, 70% 55 ºC, 70% 80 ºC, 70% 

500 ºC, 30 min 33.08.5% 37.59.7% 32.09.4% 5310% 

1400 ºC, 4 h 3317% 5819% 5920% 7518% 

1400 ºC, 4 h - 7521% 7120% 8019% 

 

This high divergence between load values for the sample may be related to the defects present in the 

sample, such as cracks or faults. Besides, we can do a correlation with the defects evaluation that had 

been done. In this case, the evaporation temperature showed to be a key factor on the production of 

a high-quality photonic crystal. The photonic crystal produced at 80 °C, 70% RH presented higher 

percent divergence in load measurements and also standard deviation, which can lead to think that a 

more defective, and consequently more instable sample will have higher load divergence percentage 

and standard deviation values.  

Nevertheless, performing nanoindentation in highly porous materials is quite challenging and 

demands special care. It depends heavily on the area to be analyzed and how instable the specimen 

is. The samples produced at 40 °C, 45% RH can lead to the idea that these samples are more stable 

than the others; however, they are in fact the most instable. After heat treatment at 1400 °C for 200 

h, the film was completely removed from the substrate during the test. This was repeated three times 

with the same result. Keeping this fact in mind, we can say that this test has a tricky interpretation. 

Another way to analyze the results is to observe the loading curve. Undulation with small amplitude 
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can be seen as nonuniformity or even collapse of the pores.71 The samples were previously analyzed 

by SEM, so it is known that the samples are quite ordered, leading to the idea that this undulations 

can be related directly to the collapse of pores and an idea of mechanical stability comparison can be 

taken. 

Analyzing the graphs visually (Figure 49), based on the concept that the undulation on the loading 

curve are related to the pores collapsing, it would be possible to say that the samples after burn-out 

produced at 50 °C, 70% RH are the most stable structure, followed by the fabricated at 40 °C, 70% 

RH and 80 °C, 70% RH, respectively. Moreover, the most instable structure is the one produced at 

40 °C, 45% RH as self-assembly parameters.  

After the heat treatment at 1400 °C for 4 and 200 h, the comparison is not that intuitive anymore. It 

seems that after sintering, the mechanical stability of all samples was decreased. Whilst after 

sintering the most stable structure seems to be the ones produced at 40 °C, 70% instead of 55 °C, 

70%, followed by the one produced with 80 °C, 70%, we can say that the same tendency as after 

burn-out occurred. The most instable sample after heat treatment process kept being the one 

fabricated at 40 °C, 45% RH.  

Considering that 40 °C, 70% and 55 °C, 70% are very similar (the polymer concentration was kept 

as 1.5 mg/ml for both cases) the obtained tendency to the mechanical stability of inverse opals after 

heat treatment at high temperatures even for long periods (200 h) match with the area fraction defects 

in relation of the tested self-assembly parameters, evaporation temperature and relative humidity. 

The lower the relative humidity, and the higher the evaporation temperature, the faster the solvent 

evaporation leading to more structural defects as already discussed in this thesis. 
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Figure 49. Load x Displacement curves of the produced inverse alumina opal photonic crystals. 
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5 CONCLUSIONS AND PERSPECTIVES 

5.1 Conclusions 

Photonic crystals of polystyrene particles were self-assembled on sapphire substrates by vertical 

deposition through liquid evaporation. The number of defects in the direct photonic crystals increased 

with PS concentration and evaporation temperature and decreased with relative humidity up to a limit 

value in which self-assembly failed. Thickness was also affected by these parameters in different 

trends and synergic way, though. The resulting reflectance capability of both direct and inverse opal 

photonic crystals was primarily affected by the self-assembly parameters. Although ALD and 

polymeric template burn-out performed at 500 °C introduced some defects in the structures, the main 

key factor influencing the resulting photonic band gap and reflectance capability was the self-

assembly process. Concerning the performance of the ceramic inverse opal photonic crystals, the 

optimum parameters for self-assembly related to both lower defects density and substrate adhesion 

were 40 °C, 70% RH and 1.5 mg/ml of suspension concentration. 

The produced photonic crystals were heat treated to 1400°C for 4 and 200 h, and a correlation 

between the self-assembly parameters’ combinations and the resultant 3D structures thermal stability 

was found. Although the sintering process had introduced some defects such as cracks, vacancies 

and distortions, processing parameters showed to have more influence on the photonic crystals’ 

thermal stability.  

A different response to the sintering process was shown on the surface and in the center of the 

structures. A heat gradient in the structure was found as a possible cause for this behavior. Besides, 

the structures fabricated at 40 °C, 70% RH and 1.5 mg/ml of suspension concentration had a peculiar 

result, when compared to the other structures produced with different processing parameters 

combination. An organizational issue was sustained as a thinkable explanation. 

The sintering dwell time influence was also evaluated and seemed to contribute to a higher grain 

growth, which also activated the collapse of the photonic crystals’ structures. The 3D structures 

remained stable until 1400°C for 4 h, but not after 200 h. The crystallinity and the grains orientation 

do not seem to be affected by either self-assembly or tested sintering dwell time or temperature. 

A novel method to evaluate the mechanical stability of the produced photonic crystals was proposed. 

Nanoindentation tests were performed creating load-displacement curves that allowed the 

comparison of the 3D photonic structures mechanical stability. The mechanical behavior of the 

inverse alumina 3D structures permitted a correlation between the influence of the self-assembly 

parameters and the mechanical behavior of the heat-treated photonic crystals. We can say that the 

same effect of the processing parameters on the direct photonic crystals remained on the inverse 

alumina 3D structures. The photonic crystals produced at 40°C, 70% and 1.5 mg/ml (evaporation 

temperature, relative humidity and polystyrene concentration) seemed to be the most stable, and the 

one fabricated at 40°C, 45% and 1. 5 mg/ml, the most unstable structure. 
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5.2 Perspectives 

The processing parameters combination showed to have a great influence on photonic crystals 

ordering. Thus, the manipulation of self-assembly parameters could be used to produce not only 

photonic crystals, but also photonic glasses, which are also attractive materials, because of their 

potential applications. 

The study of thermal stability at high temperatures was performed for inverse alumina opal photonic 

crystals. For a short period of time (4 h) the structures remained stable, but not for a long period 

(200h). In the aim to have 3D photonic crystals with a higher thermal stability, new materials should 

be tested. For instance, composites with alumina and ceria or titania, due to their mechanical 

properties, should be some options. In addition, higher temperatures could be tested so that a wider 

number of applications for these materials can be foreseen. 

Finally, considering the potentiality showed by nanoindentation results, it is suggested to evaluate 

the mechanical stability of the inverse 3D structures and correlate it with processing parameters. A 

further mathematical modeling would enable to have theoretical results for such properties. 

Parameters should be investigated to provide more precise results and to allow designing 3D 

structures with a tailored mechanical behavior. 
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