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ABSTRACT 

With the development of laser printers and copiers, document forgery is becoming more 

powerful. These technologies are capable of producing almost identical surface level features 

as the real ones. This pushes progress in the field of ID documents, a wide variety of 

technologies have been developed to print high quality features by using different processes 

that are difficult to reproduce. One of the main targets for forgers is altering the portrait of 

the user as it is the most noticeable and unique feature of an ID document. Therefore, a 

particular focus is set on developing complex technologies that can produce portraits that are 

easily observable by anyone but are also highly secure. The Nanoparticles team at the 

Laboratoire Hubert Curien have recently demonstrated the potential of plasmonic materials 

to produce interesting effects for anti-counterfeiting purposes. For instance, processing silver 

nanoparticles embedded in a semiconductor titania matrix (Ag:TiO2) with femtosecond or 

nanosecond laser result in the formation of well-defined nanostructures. These metasurfaces, 

depending on the laser processing conditions, present a wide variety of optical effects 

detectable in different observation and illumination conditions. These features were 

exploited to produce image multiplexing, which relates to encoding two or more unique 

images in a single print to be ultimately revealed under specific conditions. An automated 

process was implemented to find the best color combinations amid a wide variety of 

metasurfaces to produce multiplexing with two, three or even four images in a single print by 

using a nanosecond laser.  

Despite the recent progress on the color management side, these effects have mainly been 

exploited on rigid transparent substrates such as glass which are not suitable for industrial 

applications. In fact, ID documents are mainly composed of plastic and paper supports due to 

their flexibility. Therefore, the goal of the work presented in this thesis revolves around 

implementing Ag:TiO2 films in a plastic card and produce interesting color effects by laser 

processing. The color algorithms previously established are utilized and adapted to produce 

several demonstrators with full-color images easily visible with the naked eye. Additionally, 

multiplexing was achieved by encoding two images in a single print. This thesis is a proof-of-

concept of the interest of using plasmonic materials for visual security features.  
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RESUME 

L'un des principaux objectifs des faussaires de document d’identité est de modifier le portrait 

de l'utilisateur, car il s'agit de la caractéristique la plus visible et unique d'un document 

d'identification. Par conséquent, un accent particulier est mis sur le développement de 

technologies complexes capables de produire des portraits facilement observables par 

n'importe qui, mais également hautement sécurisés. L'équipe « Nanoparticules » du 

Laboratoire Hubert Curien a récemment démontré le potentiel des matériaux plasmoniques 

pour cette application. Par exemple, le traitement de films Ag:TiO2 avec un laser 

femtoseconde ou nanoseconde permet la formation de nanostructures bien définies. Ces 

métasurfaces présentent une grande variété d'effets optiques détectables dans différentes 

conditions d'observation. Ces caractéristiques ont été exploitées pour produire un 

multiplexage d'images, ce qui consiste à encoder deux images ou plus dans une seule 

impression, à révéler ultimement dans des conditions spécifiques. Malgré les récents progrès, 

ces effets ont principalement été exploités sur des substrats rigides et transparents tels que 

le verre. Il est nécessaire de transférer cette technologie vers des supports flexibles afin de 

pouvoir l'implémenter pour des applications industrielles. L'objectif du travail présenté dans 

cette thèse consiste à mettre en œuvre des films Ag:TiO2 dans une carte en plastique et à 

produire des effets de couleur intéressants par traitement laser. Plusieurs démonstrations 

ont été produit avec des images en couleur facilement visibles à l'œil nu. De plus, le 

multiplexage avec deux images a été réalisée dans une seule impression. 
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INTRODUCTION: IDENTITY DOCUMENTS 

General presentation 

Identity authentication has been part of the human history for thousands of years as the first 

and most common method was identifying people by their various physical traits. As simple 

as it might sound, this method was often subjected to human errors as it relied on one’s 

memory and could easily be altered. A “piece” of identification was then introduced in the 

form of jewelry such as beads that could determine one’s cultural order, family ties or even 

wealth in ancient times. In the modern world, jewelry is still used for different identification 

purposes such as in religious groups, in the military or even in medical institutes.  

Along with the development of writing and documentation systems, governments were 

interested in counting their population and resources giving rise to the development of 

census records. Several identity documentation techniques were then introduced such as 

birth certificates1 or land record systems2 in the Roman Empire. During the Ming Dynasty in 

the 14th century sumptuary laws were established to identify the rank of the officials in the 

military. They would use large embroidered badges in their clothes depicting an animal 

depending on the officers rank to identify them easily3. Meanwhile in Europe in the 15th 

century, the first passport was developed by King Henry V to identify English citizens abroad 

ensuring their safety in neighboring countries which is to this day the main travelling identity 

document worldwide. The invention of the photography was then naturally introduced along 

with the development of ink-based fingerprints in the 19th century, revolutionizing the 

identification industry and becoming core elements of secure documents. With the 

development of the digital era, “smart cards” were introduced encompassing now numerous 

identification features (text, images, alphanumerical data, logos etc.) with analog or digital 

information. These cards are essentially physical documents consisting of different complex 

layers carrying different types of information that can be used for personal authentication or 

to access control to a certain resource.  

Nowadays, three categories of security features exist in documents: 

- Level 1 or “overt” security features encompass all visible effects that are observable by the 

naked eye by any untrained observer such as the personal metadata, the portrait of the user, 

holograms or watermarks.  
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- Level 2 or “semi-covert” security features require an extra piece of equipment or specific 

knowledge/training about the document in order to observe them such as UV inks or hidden 

images using magnifiers. 

 - Level 3 or “covert” security features can be observed by using very specific and expensive 

laboratory equipment. Typically, the manufacturer is the only one that knows about these 

“secret” features. 

 

Figure 1: Illustration of different security features found on ID documents. 

Producing documents with different levels (exampled in figure 1) of security features seems 

to be “ideal” to prevent forging and counterfeiting due to their complexity. Nevertheless, it 

can be difficult and costly to manufacture because several elements have to be implemented 

in a single document, particularly for level 2 and 3 security features. In addition, these 

features can only be observed in very specific conditions or by trained people such as forensic 

document examiners (FDE), which is why it’s crucial to develop strong level 1 security features 

that are easily observable and can remain intact once implemented. In the following section, 

an overview is given on the different printing techniques used nowadays to produce security 

features. 

Security printing techniques  

ID documents are generally produced by laminating (heating and pressuring) different layers 

of plastic or paper. Security features are often included in one of the layers of the card 
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construction as presented in figure 2. As a general concept, two types of features are found 

in ID cards, “static” or “personalization” features. The first relate to features that present a 

single design or pattern (figure 2.a) to be implemented generally in a card during 

manufacturing and are not modifiable after lamination (figure 2.b). Examples of these 

features are watermarks, logos, holograms, OVD (optical variable device) and guilloche 

patterns to name a few that are defined for each product. To produce them, the main printing 

techniques are flexography, offset lithography and screen printing which will be described 

later on.  

On the other hand, personalization features encompass the metadata of the end-user 

produced after the manufacturing of the card. These features require versatile printing 

techniques since the information to be included changes from one user to the other. For this 

purpose, digital printing methods are the most suitable because the information can be easily 

introduced in a software interface, communicated to the printing machine and printed. 

Currently, the two main digital printing techniques are inkjet and laser printing which are 

widely used for both commercial and industrial applications due to their versatility and cost-

efficiency.  

Figure 2: (a) Illustration of a card construction with different layers and “static” features. (b) 
The card is manufactured by laminating together the different layers. (c) “Personalization” 

features can then finally be added to the card.   

Printing techniques for static security features 

Flexography is an “indirect” technique that produces continuously predefined images or 

patterns using a rotational system on smooth or rough surfaces. First, the ink is transferred 

to an engraved cylinder known as an anilox roll. The engraved chambers are filled with ink 

and are put in contact with a plate cylinder, where the ink is only transferred to the relief 
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areas of the plate. Subsequently, the ink is transferred to the substrate to finish the process. 

It is widely used for security applications to deposit “invisible” inks such as UV or 

phosphorescent dyes on different flexible substrates (paper, cardboard or foil) as it allows the 

use of surfaces that are not necessarily smooth4–6.  An example is illustrated in figure 3.a 

where a fluorescent ink is deposited by flexography and processed with different chemical 

treatments resulting in color changes when observed with a UV light at 365 nm. However, 

under day light, it remains invisible independently of the treatment. 

Offset lithography printing is another printing technique based on a rotational system that 

operates on the repulsion of oil and water. Unlike flexography, this method is used to print 

on smooth or flat surfaces and not on rough surfaces. The image or pattern is put on thin 

metal plates and drenched with both water and ink using rollers. The oil-based inks adhere to 

the image area, while the rest is covered with water. Then, a rubber cylinder (called “offset” 

cylinder) is chemically pre-treated so it only accepts the ink covered areas. Finally, the ink is 

transferred to the substrate forming a mirror of the initial image. This technique is widely 

used to print high quality patterns with complexed features such as guilloche patterns or 

printing artwork7–9. An example is given in figure 3.b of  highly detailed patterns in a banknote 

prepared by this technique10. 

Screen or “silkscreen” printing is a low-cost printing method where a mesh is used to transfer 

ink to a substrate and form continuous patterns. First, the mesh is stenciled with the design 

of the pattern and placed on top of the substrate. The ink is then placed on top of the mesh 

and a blade (squeegee) evenly distributes it along the stencil. The ink is pressed trough the 

stenciled areas and transferred to the underlying substrate forming a smooth pattern. This 

technique is commonly used to produce thick features such as optically variable devices (OVD) 

that change colors depending on the observation angle7–9,11,12. A recent example of an OVD is 

given in figure 3.c where magnetic photonic crystals are present different colors when 

observed under different angles13.  
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Figure 3: a) An invisible ink is deposited by flexography that reveals a fingerprint under UV 

light (390 nm) and is invisible under white light .4 b) An example of microscale patterns 
printed on banknotes using offset lithography10. c) An OVD (optically variable device) is 

produced by screen printing magnetic crystals depicting different colors depending on the 
observation angle (relative angles of 5 and -15°)13. 

Printing techniques for personalization security features 

Inkjet printing is the first digital printing method that reproduces images on flexible substrate. 

It is a contactless technique where droplets of ink are propelled by a nozzle via piezoelectric 

action, forming dots at the surface of the substrate. It is a common method used on 

commercial paper printers for personal or professional use to print high-quality and colorful 

images. For anti-counterfeiting applications, inkjet can be used to print optical devices14 or 

colorful designs using invisible inks as presented in figure 4.a. In this example, red, green 

(lanthanide-based)and blue luminescent inks are used to reproduce full color images that are 

invisible under white light but appear under a 254 nm UV light presenting a wide variety of 

well saturated colors15. 

 
Figure 4: a) Invisible inks can also be printed by inkjet printing. Here, a combination of red, 
blue and green luminescent inks are used to print colorful images observed under UV light 
(254 nm) and disappear under white light15. b) An example of a laser-engraved image is 

illustrated in greyscale7. 
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Laser engraving and laser marking are two frequently used techniques to prepare security 

documents that do not rely on liquid inks but rather on the alteration of solid materials. Laser 

engraving refers to laser ablation of a material, thus removing or burning it, while laser 

marking implies a color change of the material after processing. Both methods allow to print 

high-resolution designs such as guilloche patterns, moiré patterns or images16. An example is 

given in figure 4.b where a polycarbonate substrate is laser engraved producing sub-micron 

“black” pixels and thus forming a high-resolution grey-scaled image8.  

In the industrial world both laser marking and engraving are often used simultaneously to 

create high-quality secure images. An example of a laser-marked security document was 

published by Lazzari et al.17 where a matrix of markable color sub-pixels is covered with an 

engravable layer that serves to form grey levels (figure 5.a). In fact, the laserable layer is 

carbonized by the laser irradiation producing black marks masking the subpixels and resulting 

in a well-contrasted color image. The produced image is heavily secured as it relies on two 

complementary printing methods. Another laser-marking strategy of producing color images 

is proposed by Lesur et al.18 where they developed a laser-sensitive multilayer configuration 

(figure 5.b). Each layer is composed of at least one-color component (magenta, cyan or 

yellow) that can be bleached by laser irradiation at a specific wavelength without drastically 

modifying the remaining layers, thus producing a wide variety of colors. In addition, the 

images are well secured as specific layers and laser conditions are used to produce them. Both 

of these techniques present complex layer configurations that are difficult to counterfeit but 

simultaneously require complex material configurations and expensive laser-marking 

conditions.  

 
Figure 5: (a) Schematic illustration of the laser technology proposed by Lazzari et al.17 where 

a laserable layer is carbonized to produce grey levels and mask the underlying color sub-
pixels. (b) Schematic illustration of another laser-based technology developed by Lesur et 
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al.18 where color layers are stacked together and can be bleached independently by laser 
irradiation at a specific wavelength and form color gradients. 

Two types of security features were named, static or personalization features. Static features 

are generally produced using pattern-based methods such as flexography, offset lithography 

or screen printing. Flexography and offset lithography are similar techniques where ink is 

transferred to a substrate by using an engraved cylinder. They are great for printing different 

types of secure inks (UV, thermochromic or phosphorescent inks) on plastics or papers. 

Furthermore, screen printing is also a great printing technique on flexible supports, commonly 

used to produce thicker films such as OVDs. On the other hand, personalization features are 

produced mainly by digital printing techniques such as inkjet printing or laser printing due to 

their high versatility. Inkjet printing is a contactless technique equipped with a nozzle 

dropping ink dots at the surface of the substrate. Two types of laser printing exist, engraving 

and marking used to produce security features. The former relates to laser ablation of the 

material (plastic or paper), thus creating black dots and produce grey levels while the latter 

refers to color changes of the material (ink) induced by laser processing. Both techniques can 

be used independently or combined to produce high secure elements in industrial 

applications. However, they can be difficult to produce due to their complexity in terms of 

material preparation and/or laser setup. It is therefore interesting to develop a laser-based 

technology that “simplifies” the process as whole, namely having a single material and a single 

laser that allows the production of high-quality images.  

Development of plasmonic colors induced by laser processing 

In recent times, the Nanoparticle team at Laboratoire Hubert Curien have had a particular 

focus on developing a laser-based technology that allows the production of personalization 

security features using plasmonic materials. To do so a sol-gel based mesoporous titania 

matrix embedded with silver nanoparticles is first deposited on a glass substrate. After 

stabilization the sample is processed by a nanosecond pulsed laser, causing a reshaping and 

reorganization of the silver nanoparticles and consequently producing interesting optical 

effects. Depending on the observation conditions under white light, each square can produce 

different color variations. The physical mechanisms leading to these effects have not yet been 

modelled but as far as it has been observed the color variety will depend mainly on the size, 

shape distribution of the resulting nanoparticles, their surrounding medium (thickness and 
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refractive index of the layers in which they are grown by laser) and the substrate. However, a 

practical framework was implemented by Nicolas Dalloz19 to produce full-color images in a 

specific observation mode by introducing an original algorithm that analyze the colors 

produced in a considered mode and search automatically the best colors. Examples of over 

250 colors produced by laser processing are depicted in figures 6.a to 6.c for respectively 

three different observation modes “transmission”, “frontside reflection” and “backside 

reflection”. Each color square corresponds to the extracted standard RGB (sRGB) color 

produced by a unique set of laser parameters. After selection of the best colors, an image can 

be printed in a selected mode. An example is given where a permanent color image (figure 

6.d) is printed and observed in “backside reflection” mode (figure 6.e), highlighting the 

potential of the technology for color image printing.  

Figure 6: The colors of over 250 squares produced by ns laser processing were recorded by a 
camera setup. They were detected in three specific observation conditions, namely (a) 

“transmission”, (b) “frontside reflection” and “backside reflection”. For each mode, each 
square represents the standard RGB color extracted of the color of over 250 individual sets of 
laser parameters. Colors can be utilized to produce high-quality image printing. An example 
is given where a colorful image of two birds20(d) was printed and (e) observed in backside 

reflection 19.  The size of the printed image is 23.8 mm x 15.84 mm and each printed pixel is a 
72 ⨯ 72 μm² square. 

However, the technology lacks development in the material preparation side to be able to be 

fully implemented in an industrial application for ID documents. Such documents need to be 
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durable but also flexible which is why are they are mainly composed of plastics or papers, yet 

the current processes are unsuitable for such supports, from the film preparation to the laser 

processing. In fact, the elaboration of these materials involves generally a thermal annealing 

(≈350-400 °C) that is not possible to perform on flexible supports. Alternative chemical or 

physical methods were developed in the group by Fanny Tricot during her PhD thesis to 

produce such films but are quite complex to implement in an industrial environment. 

Furthermore, these materials have never been embedded in a PC card, hence it is of great 

interest to develop a process that allows their implementation without damaging them. 

Therefore, inspired by her work, the first objective is to develop an alternative method to 

implement TiO2:Ag films in plastic cards to replicate a real ID plastic card.  

Moreover, the color production on such flexible supports has never been explored by using 

commercial nanosecond (ns) pulse lasers. Once included in the card, investigating their 

response to the laser processing is crucial to validate their interest for the application. Hence, 

the second objective is set on the laser processing and color production. A laser “database” 

was designed using several laser parameters that allows the production of a wide variety of 

uniform colors in different observation modes without damaging/burning the sample due to 

thermal effects. The third objective concerns the selection of the best colors (in a single mode) 

within the database that are reproducible sample to sample and utilized to produce several 

demonstrators, highlighting the potential of the application for color personalization. The 

fourth objective relate to the production of two image multiplexing using the established 

algorithms and the experimental results. The limitations of the work presented here are 

discussed for future perspectives in their full implementation on a full-scale industrial process. 

Finally, the fifth objective is associated to a second material configuration where a thermal 

barrier was implemented to produce colors on non-laminated TiO2:Ag samples and depicting 

original optical features. They were characterized and utilized to produce a full color image, 

highlighting the versatility of the technology with different materials. 

To present the different results, the manuscript is constructed as follow: in the first chapter, 

the concept behind the sol-gel method for material preparation is defined and highlighted for 

this technology. An overview is given on plasmonic materials and their properties are 

described. Then, the different physical mechanisms triggered by aser processing are 

highlighted, leading to permanent modifications of the material, revealing their interest for 
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secure applications. In particular, a spotlight is done on the production of colors using 

plasmonic structures and their use for high quality image printing.  The underlying processes 

regarding the color production and management is described and implemented in the work 

presented in this thesis. 

The second chapter describes the first experimental results relative to the preparation of sol-

gel films on plastic supports inspired from previous works. The physico-chemical properties 

of the film are characterized during and after the elaboration process. After stabilizing the 

films, they are included in a plastic card to reproduce a real-case scenario for future industrial 

implementation.  

The third and last chapter highlights the laser process workflow utilized to produce colors 

using a nanosecond pulsed laser. A study was carried to be able to understand the interaction 

of the material inside the card with laser irradiations by keeping the sample’s integrity. A 

rigorous color selection was implemented that allowed to print a wide variety of colorful 

images in specific observation conditions. Following these results, image multiplexing was 

also achieved, making them great candidates for anticounterfeiting applications. Finally, non-

embedded materials were laser processed in the same conditions but resulted in the 

production of different interesting optical properties. 
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CHAPTER 1: STATE-OF-THE-ART 

This first chapter describes in detail the context behind the thesis. It defines the different key 

notions, methods and latest results in literature that revolve around the technology that are 

necessary to be able to fully understand the work presented. First, the chemistry behind the 

preparation of mesoporous TiO2 films that serves as a host matrix for silver nanoparticles. 

Then, the optical properties of these materials are described. Finally, their interaction with 

different laser processes are presented giving rise to unique optical features, highlighting 

their potential for security applications. 

 Sol-gel chemistry 

1.1.1. General definition 

The sol-gel process can be defined as an inorganic polymerization procedure in which a sol, a 

colloidal suspension, evolves towards the formation of a gel-like diphasic system in two main 

steps: hydrolysis and condensation21.  

A sol that is a dispersed solid phase small enough to be stable in solution, is composed of a 

metallic precursor, a solvent, water and additives. The most common precursors are metallic 

salts MXn or organometallic compounds M(OR)n, where M represents a metallic atom of n 

valence (Si, Ti, Al, ...), X a chloride, nitride or acetate group and R an organic ligand (alkyl, 

aryl,…). 

The gel is defined as a 3D solid-like system which is typically the condensed polymerized sol 

with small clusters forming the tridimensional network and is incorporated in a liquid phase. 

The initial reaction is the hydrolysis of the precursor, which in the case of metal alkoxides, -

OR ligands, substitute the organic ligands by hydroxyl groups as in the following reaction 

equation22:  

M-(OR)n + mH2O → M-(OH)m(OR)n-m + m R-OH with m ≤ n  

The hydrolysis of the partially hydrolyzed species may continue by replacing the rest of the 

ligands with hydroxyl groups depending on the experimental conditions such as the 

concentration and type of the metal alkoxide, pH, water/precursor molar ratio, sol-gel 

catalysts, among others23.  
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The condensation starts as soon as the first hydrolyzed species are formed and react together 

(oxolation) or with non-hydrolyzed alkoxides (alcoxolation) as presented respectively in the 

following equations22:  

M-(OH)m(OR)n-m + M-(OH)x(OR)n-x → (OR)n-m(OH)m-1-M-O-M-(OR)n-x(OH)x-1 + H2O  (oxolation) 

M-(OH)m(OR)n-m + (RO)n-M → (OR)n-m(OH)m-1-M-O-M-(OR)n-1 + R-OH  (alcoxolation) 

Both reactions are in competition and result in the growth of bigger molecules, oligomers, to 

ultimately form an inorganic polymer trough polycondensation as simplified in the following 

equation24: 

M(OR)n(OH)m ⇉ MOx + ROH + H2O 

Understanding and controlling the kinetic of both hydrolysis and condensation reactions are 

crucial to obtain the desired structure and morphology of the gel. One of the most common 

strategies is controlling the pH of the experimental environment. As it was presented by 

Livage et al.25, there is a quantifiable pH-charge relationship during the sol-gel process, 

meaning that the hydrolysis and condensation kinetics highly depend on the medium’s pH, 

hence the molecule charges. By playing with the medium’s pH either the hydrolysis or 

condensation reactions can be promoted which can result, depending on the conditions, in 

materials with different structures.  

For example in the case of silicates, in basic conditions, the polycondensation step is much 

faster than the hydrolysis reaction, favoring the nucleation, which tends to form highly 

branched structures with relatively large particles (colloidal gel) resulting in a porous film with 

higher surface areas. In acidic conditions, the rate of the hydrolysis reaction is much faster 

than the polycondensation step, resulting in the formation of a polymeric gel  and ultimately 

on a denser film21.  

1.1.2. Preparation of mesoporous sol-gel films 

Accordingto IUPAC porous materials can be classifed in 3 distinct categories depending on the 

diameter size of the pores : micropores (< 2 nm), mesopores (2-50 nm), and macropores (> 

50 nm). These materials have been widely studied as they can interact with ions, molecules, 

atoms and NPs within the surface but also with the bulkier part of the porous material, 

enhancing the physico-chemical properties of the materials and their potential applications. 
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Two approaches are often reffered to for the preparation of such materials: A hard templating 

route where the material is nanostructured on the surface of a template which is later 

removed via physical or chemical processes; or a soft templating route which usually involves 

the use of organic or polymeric surfactant that assemble into supramolecular structures 

which are ultimately used as soft templates26. The sol-gel route belongs to the soft templating 

category and is widely used to prepare homogeneous porous films. The different aspects of 

this route are explained in the following parts. 

1.1.2.1. Sol-gel deposition techniques 

The sol-gel process described previously is an well-known method to prepare homogeneous 

thin layers for many applications in optics (self-cleaning, anti-reflection, high reflection, 

filtering, coloring, etc.)27, electronics (transistors, photovoltaic solar cells, insulation)28,28,29 

and analysis (selective sensors)30,31. Depending on the purpose, their surface and intrinsic 

properties can vary as they can be dense, porous, patterned, multi-layered, composite, 

etcetera. The film must be identical across the whole surface of the substrate to serve its 

purpose and thus the thickness has to be highly controlled to obtain uniform layers. To do so, 

the two most common sol-gel deposition techniques across R&D are dip-coating and spin-

coating where the typical thickness ranges from a few nanometers to a few micrometers. 

Generally speaking they follow the same sequence of successive steps: (1) formulation of 

chemical solution, (2) solution deposition on the surface of the substrate, (3) liquid 

evaporation and (4) stabilization treatment. An overview of each deposition method is given 

with their respective advantages and drawbacks related to their application on flexible 

supports. 

1.1.2.1.1. Dip-coating process 

The principle of dip-coating deposition is immerging vertically the substrate in a solution 

(figure 7.a), withdrawing it at constant speed in short delay leaving a thin layer of solution in 

both sides (figure 7.b). Once the sample is fully withdrawn, the solvents are evaporated 

(figure 7.c).  The thickness of the film relies on the deposition conditions namely the 

withdrawal speed, viscosity of the sol, temperature, relative solvent, vapor pressure, etc... At 

low withdrawal speed (< 0.1 mm.sec-1), solvent evaporation is faster than the motion of the 

drying line which induces a feeding of the upper part of the meniscus by the solution by 
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increasing capillarity. This phenomenon is known as a capillary regime and is illustrated in 

Figure 7.d. 

 
Figure 7: Schematic representation of the dip-coating process. (a) First, the substrate is 

vertically immersed in the sol. (b) After full or partial immersion, the substrate is withdrawn 
vertically at a fixed speed. (c) Once, the substrate is completely removed, the solvent content 
is evaporated. The evaporation rate will depend on the deposition conditions. For instance, 
two regimes are presented, capillary (d) and draining regime (e)33. The capillary regime is 
triggered when the solvent evaporation is faster than the motion drying line, triggering a 
continuous feeding of the meniscus. In the draining regime, the formation of the film is 

governed by the viscus dragging of the solution. A semi-empirical model combining both 
phenomena can be utilized to predict the final thickness of the film. (f) An example is given 

for a silica sol-gel thin film deposition by dip-coating by plotting the thickness versus 
withdrawal speed (log-log scale)32.  

In contrast, at high withdrawal speeds the film formation follows the viscus dragging of the 

solution, called the draining regime as depicted in Figure 7.e. If both regimes are determined 

for a given solution, a semi-empirical model can be applied to predict the final film thickness 
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(ℎ0) as a function of the withdrawal speed (𝑢), material proportion constant (𝑘𝑖), rate of 

solution evaporation (𝐸), film width (𝐿) and global constant (𝐷)32: 

ℎ0 =  𝑘𝑖(
𝐸

𝐿𝑢
+ 𝐷𝑢

2

3)                                                  (Equation 1) 

An example is given in Figure 7.f where silica-based sol-gel films were studied to determine 

the thickness at different speeds32. 

Dip-coating is a remarkable method to produce homogeneous sol-gel films on small or large 

substrates with high optical quality. It’s technically easy to build up and easy to control the 

critical conditions of deposition, namely the evaporation, with a more or less good control of 

the motion. Additionally, programming recipes with different withdrawal speeds can lead to 

efficiently produce one-directional gradients of thickness without wasting large quantities of 

solution. On the other hand, the main drawback of dip-coating is that all faces of the substrate 

are coated which is not necessarily required. This is particularly problematic for flexible 

supports as cleaning the undesired coated faces is difficult. Moreover, flexible supports can 

easily bend when dipping depending on the viscosity of the solution which can lead to 

inhomogeneities on the film.  

1.1.2.1.2. Spin-coating process 

Spin-coating deposition method has been widely used to deposit uniform thin films on flat 

surfaces. It involves four main steps as illustrated in Figure 8. The first step (a) is depositing  

homogeneously a drop of the solution on top of the substrate set down on top of the spinner 

which is secured by a vacuum system; the second one (b) consisting in rotating the spinner at 

a specific angular speed allowing the solution to spread on the surface due to centrifugal force 

(spin-up) forming a thin film; in third step (c) the thickness of the film gradually decreases 

during the spin-off at constant speed due to the viscosity forces of the solution and lastly (d) 

during the rotation at constant speed the solvent evaporates, reducing the film thickness. The 

latter depends on the viscosity of the solution, the rotation speed (in rounds per minute 

(rpm)) and, as in dip-coating, on the environmental conditions such as relative humidity, 

vapor pressure and temperature of the room. To estimate the final solid thickness of the film 

(ℎ0) a simplified model was proposed by Meyerhofer34 and updated by Bornside et al. 

expressed as 35: 
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ℎ0 = (1 − 𝑥0) [[
3𝜂1

0

2𝜌1
 2𝜔2

] 
𝑝∗𝑀

𝑅𝑔𝑇
𝑘𝑥0]

1/3

                                 (Equation 2) 

where x0 is the initial concentration of solvent, η1
0 and ρ1

 2 are the viscosity and the density of 

the liquid; p∗ and 𝑀 are the vapor pressure and molecular weight of the pure solvent; Rg is 

the ideal gas constant; 𝑇 is the temperature; k is the mass transfer coefficient. 

Figure 8: Schematic representation of the four main steps of spin-coating. (a) The sol is 
deposited on top of the substrate correctly placed on the spinner. (b) Then the film is rotated 

at constant speed spreading the sol on the surface by centrifugal force (spin-up). (c) 
Governed by the viscosity of the solution, the thickness of the formed film gradually 

decreases (spin-off). (d) In the final part of the spin-coating, the solvent is evaporated, 
reducing even more the thickness of the film. 

This method is great for depositing on flexible substrate such as PC substrates as they are 

fixed in the horizontal plane during deposition thus avoiding any risk of bending the substrate. 

In addition, only one side of the substrate is covered with the solution, contrary to dip-coating 

deposition. Nevertheless, this method works well for laboratory work but is not suitable for 

industrial manufacturing as coating large surfaces is very difficult. 

Both dip-coating and spin-coating are suitable for the production of sol-gel thin films with 

good optical properties. However, in the context of my PhD work, dip-coating is used for rigid 

flat substrates such as glass or silicon wafers and spin-coating for flexible supports.   

1.1.2.2. The EISA method 

One of the most attractive method to prepare uniform thin films is the Evaporation-Induced 

Self Assembly (EISA), which combines chemical solution deposition (CSD), sol-gel chemistry, 

and block copolymer templating36. The self-assembly phenomenon can be described as a 

spontaneous organization of materials through noncovalent interactions such as hydrogen 

bonding, Van der Waals forces, electrostatic forces, etc.  This process was first observed in 

the ‘90s by Mobil Oil researchers on the synthesis of mesoporous silica37 and later reported 
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by the Brinker’s group38. It allows the fast production of nanostructured porous materials or 

nanocomposites in the forms of films, fibers, or powders. Since then, many efforts have been 

made on understanding the self-assembly mechanism and the different steps involved in it to 

develop new synthetic routes to produce a wide range of porous materials.  

Generally speaking the EISA process is governed by four main steps: (1) Evaporation of volatile 

components (mainly the solvent), (2) equilibrium of water content in the film with the 

moisture of the environment, (3) condensation and stabilization of the inorganic matrix and 

(4) network stiffening by further condensation. The first and fourth step are rather governed 

kinetically and the second and third step are driven by thermodynamics. This process permits 

control of the final structure of the material with high efficiency and reproducibility. Several 

experimental parameters that influence the resulting structure can be divided in two 

categories: chemical parameters such as the initial sol composition (precursor, solvent, 

structuring agent, additives), pH and aging time, and the processing parameters such as the 

partial vapor pressures, convection and temperature39.  

 
Figure 9: Schematic representation of the preparation of mesoporous materials via the EISA 

method adapted from Sanchez et al.40. 

1.1.2.3. Soft-templating agents 

Templating agents such as surfactants are of great interest to produce inorganic porous 

materials with the EISA method due to their assembling properties. These surface-active 

molecules have the unique properties of getting adsorbed at various interfaces (air-water, oil-
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water, water solvent etc.) and changing their properties. Ionic surfactants were originally 

used to elaborate mesoporous oxide materials such as mesoporous silica films prepared using 

Cetyltrimethylammonium Bromide, ([(C16H33)N(CH3)3]Br; CTAB) as the templating agent 

where small pores ranging from 2 to 10 nm were obtained with amorphous pore walls41. Their 

small size and restricted range of compositions limits the pore size of the nanostructured 

materials. To overcome these limitations non-ionic surfactants such as amphiphilic block 

copolymers macromolecules are being used to synthetize mesoporous materials42. Their 

amphiphilic properties are owed to the presence of hydrophobic (i.e. alkyl chains) and 

hydrophilic parts (ionic or polar groups) contained in the polymer blocks. Due to their unique 

chemical structure, such molecules in solution tend to self-assemble in the form of micelles, 

spherical or cylindrical structures when their concentration is greater than the Critical Micellar 

Concentration (CMC). As described by Nakama43 and illustrated in Figure 10, depending on 

the synthesis temperature and the surfactant’s concentration different mesophases can be 

obtained presenting different shapes, structures and optical properties. In addition, their 

physical and chemical properties can be tuned by adjusting the block length, composition or 

architecture of the blocks as it will consequently alter their morphology and CMC. 

 

Figure 10: Conceptual scheme taken from Nakama43 presenting the different forms of a 
surfactant in varied conditions. 
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1.1.3. Elaboration of titania materials 

1.1.3.1. Generalities 

Metal oxide mesoporous coatings are of great interest in recent years due to their 

applicability as thin films and their high surface areas making them suitable for a wide range 

of applications such as photonics, catalysis, energy, sensing, membranes and biological 

sciences44. Among the transition metals, titanium (Ti) with an electronic configuration of [Ar] 

4s2 3d2 is one the most studied and promising materials and more noticeably its oxide form 

titanium dioxide (TiO2).  

Some of these properties are intrinsic to the crystalline phase of TiO2 besides its amorphous 

phase. Titania can be found in three different crystalline phases: anatase (tetragonal, band 

gap of 3.21 eV), rutile (tetragonal; band gap of 3 eV) or brookite (orthorhombic, band gap of 

3.3 eV) as shown in Figure 11.a46. Rutile is the most thermodynamically stable form, whereas 

anatase and brookite are metastable47. Initially the amorphous phase is built of TiO6 

octahedra, but when the synthesis’ temperature (in ambient conditions) reaches 350°C to 

400°C the polymorph anatase is produced by edge sharing of the TiO6 octahedra. Rutile is 

formed starting from 500° to 800°C in air but this phase transition temperature can vary 

depending on the synthesis method and the precursors used as it can reach 1200 °C48. This is 

observed by an edge and corning sharing TiO6 octahedra with a slight orthorhombic 

distortion47. Brookite follows an orthorhombic crystalline structure and is the least dense 

compared to anatase and rutile47. These distortions of the TiO6 octahedra can be observed by 

a modification of the electronic band as the t2g and eg bands are split into sub-bands as shown 

in Figure 11.b49. Anatase and rutile are the most commonly synthetized polymorphs and 

brookite is considered more as a by-product of either or both other phases.  
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Figure 11: a) Crystal structures of TiO2 rutile (tetragonal), brookite (orthorhombic) and 
anatase (tetragonal) polymorphs adapted from Haggerty et al.46. b) Tetragonal (anatase 

and rutile) and orthorhombic (brookite) distortions of TiO6 result in the formation of different 
sub-bands in the electronic structure adapted from Tian et al.49. 

This low-cost metal oxide presents exceptional chemical stability, electrochemical and photo-

resistant properties with low toxicity except in nanoparticle form45. It presents a high 

refractive index (from 2.5 to around 3 at the wavelength of 550nm), wide band gap (3 to 3.3 

eV) meaning it absorbs only ultraviolet (UV) light and thus presents excellent optical 

transparency in the visible and near infrared (IR) regions. 

Amorphous titania along with its polymorphs are used in a wide variety of industrial domains 

such as optics, cosmetics, paint, and food science but also for the development of high-tech 

applications such as catalysis, photovoltaics, sensing and microelectronics23,37,39,40,42,44,45,50–54. 

For the synthesis of titania nanostructures different synthesis routes have been developed 

such as physical vapor deposition (PVD)55, chemical vapor deposition (CVD)56, sol-gel39,40,53, 

hydrothermal57 or electrochemical58 procedures. Depending on the desired form of TiO2 and 

its applications, some routes are more convenient than others, since some advanced 

applications require thin films with highly controlled mechanical, optical and structural 

properties that can be produced with good homogeneity and reproducibility.  

1.1.3.2. Sol-gel approach 

The preparation of mesoporous titania thin films (MTTF) is of great interest  as the sol-gel 

route is in principle a promising and versatile preparation method to obtain such films with 

highly controlled porosity and homogeneity53. To do so the titanium precursors of choice are 

often alkoxides (Ti(OR)4, with RO: ethoxide, i-propoxide, n-butoxide..) or titanium chloride, 
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TiCl4. Alkoxides are particularly hygroscopic and reactive so a moist-free environment is 

needed for their operation as exposing them to damp environment can incite an undesired 

precipitation. These precursors are dissolved in a solvent, usually alcohols or slightly polar 

solvents such as THF are used, in the presence of acid or chelating agents such as 

acetylacetone to stabilize them. Alternatively, TiCl4 reacts aggressively with damp air and 

water as it promotes an exothermic hydrolysis reaction and consequently releases protons 

that acidify the solution, promoting the stability of positively charged Ti-oxoclusters in the sol. 

Depending on the chemical equilibrium, an intermediate precursor is formed that is subjected 

to the well-known sol-gel hydrolysis ratios h = [H2O] / [Ti] and p = [H+] / [Ti] as they will 

determine if either the hydrolysis or condensation reaction is promoted. Using various 

hydrolysis ratios will lead to different orderings of the mesostructure53.  

1.1.3.3. Aging after deposition 

After coating of the sol on a substrate, gelation occurs as small clusters are condensed, 

forming a macroscopic 3D network with increasing viscosity and finally yields in a gel. 

However, at a microscopic level the sol (liquid phase) is still present giving certain elasticity to 

the solid network, the film is now aging and the evolution of the chemical processes involved 

will determine the final characteristics of the material40,50. During this step, the gel is at 

equilibrium with the environnement and can either shrink or swell by adsorbing solvents and 

consequently modify the structure and properties of the gel. This part of the process is key to 

the preparation of such materials after initial assembly44.  

Table 1 summarizes the most common strategies to prepare MTTF in recent years, most of 

them involving a thermal curing over 200°C. Indeed heating boosts the removal of solvents 

and the templating agents which leads to the formation of pores but also induces the 

continuos condensation and densification of the inorganic matrix. In addition such a 

treatment can lead on to the crystallization of the desired titania polymorph, mainly anatase.  
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Table 1: Summary of different synthesis routes of MTTF in recent years 

To summarize, the sol-gel route is a well-known method for the preparation of mesoporous 

titania films. A thermal treatment after deposition is one the most efficient and hence the 

most used method to create useful mesoporous titania films. Nevertheless, they have been 

designed to be prepared on rigid and thermal-resistant supports such as glass substrates or 

silicon wafers and are therefore not suitable for flexible supports that do not sustain more 

than 180 °C. In response, alternative strategies were developed to prepare such materials on 

soft materials. Tricot et al.69 developed two alternative sol-gel routes (after annealing at 

110°C) to prepare amorphous MTTFs on PET substrates. The first one involves a 24-h UV (365 

nm) light treatment to decompose the TTiP/Bzac complex, combined with a chemical 

extraction to eliminate the remaining organic parts and produce the mesoporosity. The 

extraction can be done either by ultrasonication in an ethanol bath for 30 mins or by Soxhlet 

solid-liquid distillation lasting 18 hours. The second route involves a 30-minute infrared (IR) 

annealing to create the mesoporosity. Both routes yield similar results but the IR annealing is 

particularly more interesting as its less time-consuming (30 mins vs 24 hours for the chemical 

Year Precursor Template 
Post-deposition 
treatment (max 

temperature) 

Crystalline 
structure 

Reference 

2011 TTiP/Acac P123 Thermal curing (340°C) Amorphous Nadar et al.59 

2012 Ti(OBu)4 F 127 
Thermal curing (260-

700°C) 
Amorphous; 

anatase 
Kim et al.60 

2013 TiCl4 CTAB; Brij-58; F127 Thermal curing (350°C) amorphous Bellino et al.61 

2014 TTiP/Bzac P123 
IR annealing or Soxhlet 

extraction 
Amorphous Tricot et al.62 

2014 TiCl4 

Polyglycerol 
hyperbranched core-
multishell derivatives; 

PEO-PB-PEO 

Thermal curing (450°C) Anatase 
Bernsmeier et al. 

63 

2015 TTiP Brij-56; P123 
Thermal curing (250-

450°C) 
Amorphous; 

anatase 
Miyata et al.64 

2015 TiCl4 
F127; PEG6000; PB-

PEO 
Thermal curing (500°C) Anatase Faustini et al.65 

2017 TiCl4 F127 
Thermal curing(200-

350°C) 
Anatase Rassu et al.66 

2019 TiCl4 Brij 58; F127; P123 
Thermal curing (200°C) + 

Ethanol extraction (3 
days) 

Amorphous Steinberg et al.67 

2019 TTiP/Acac P123 
Thermal (110°C) + UV 

curing (254nm) 
Amorphous Sharma et al.68 
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route). However, it requires a lot of precision and skills making it prone to mistakes. More 

recently, Sharma et al.68 proposed a modified version of the chemical route by using a 

TTiP/Acac sol to deposit on plastic substrate instead of the TTiP/Bzac complex.  This way, after 

a 2-hour annealing at 110°C, the film is exposed to a UV treatment (254 nm) for significantly 

less time, 6 hours compared to 24 hours, to polymerize the TiO2 film. The chemical extraction 

is done by sonication on an ethanol bath. This method seems convenient to develop as it was 

performed on flexible substrates and is significantly less time-consuming than other routes. 

Therefore, it was decided to further investigate and validate an adapted method to prepare 

mesoporous TiO2 films on plastic substrates. 

In the following section a description is given on the different methods to prepare TiO2:Ag 

films for flexible supports.  

1.1.4. Synthesis of TiO2:Ag materials 

For the synthesis of TiO2:Ag materials two approaches are often referred to: the “bottom-up” 

approach which relies on colloidal/chemical synthesis or the “top-down” approach (physical 

methods) which refers to the cutting or slicing of a bulk material to obtain nanostructures. 

With top-down methods one can prepare precise and complex structures in arrays or in 3D 

but tend to be very expensive and time-consuming. Colloidal methods however are generally 

cheaper than top-down methods, nanostructures can be formed in larger quantities and are 

less time-consuming. However, precisely controlling the morphology, location and 

composition can remain a challenge for some complex nanoarchitectures. In the following 

part the main bottom-up and top-down methods are described. 

1.1.4.1. Bottom-up approach by sol-gel methods 

In order to produce these nanocomposites, the general bottom-up method is to prepare first 

the mesoporous titania matrix and then the porosity is filled with silver salts by liquid 

impregnation70. To do so the dried film is immersed in ammoniacal silver nitrate (AgNO3) 

solution for a limited duration. Introducing ammonia (NH4OH) to the silver nitrate solution 

results in the formation of a positively charged silver complex, ([Ag(NH3)2]+), which neutralizes 

the charges at the surface and allows a rapid and homogeneous impregnation of the matrix59. 

The diffusion of silver ions can be further improved by using a 1:1 volume of water and 

ethanol as solvents due to their discrepancy in surface tension59,70–72.  
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Once the film is impregnated, silver ions (Ag+) can be reduced by optical, thermal or chemical 

methods to form silver nanoparticles (AgNPs) of different sizes and distributions in the host 

matrix59,70. It was observed that a thermal reduction leads to a slow growth of nanoparticles 

with a broad size distribution and a non-uniform localization. Some aggregates are formed at 

the surface or inside the inorganic matrix. In the contrary, a chemical reduction leads to a fast 

nanoparticle growth with large nanoparticles localized preferentially at the surface of the 

film. Finally, the optical reduction by UV irradiation leads to a homogeneous distribution of 

nanoparticles localized at the top part of the film. This impregnation method is suitable for 

plastic supports as long as they are non-porous and chemically resistant to the ammoniacal 

solution in order to avoid substrate impregnation or damages.   

Alternative sol-gel methods were found in the literature that allows the elaboration of 

TiO2:Ag materials. For example, a one-step route was developed by combining titania and 

silver precursors with structuring agents in a single solution to form homogeneous TiO2:Ag 

films73. It was observed that the presence of templating agents such as Pluronic bloc 

copolymers can reduce and stabilize silver nanoparticles in solution74,75. When dispersed in a 

titania sol and deposited on a substrate, a calcination step can be applied to be able to 

simultaneously form the porosity of the titania matrix and promote the growth (reduction) of 

silver nanoparticles in the inorganic film73. A similar one-pot method was developed where 

acetonitrile is used as a chelating agent of silver in solution to avoid their agglomeration and 

acetylacetone is used to stabilize the Ti centers. Their implementation is needed to avoid the 

gelation of the sol when adding AgNO3 to the acidified titanium precursor76. Films were then 

stabilized by heat treatment. 

1.2.2.1. Top-down approach by magnetron sputtering method 

Physical routes can also be used to prepare TiO2:Ag materials, particularly by magneton 

sputtering-based methods77–81. As a general concept, with these methods titania and silver 

layers are deposited independently one on top of the other to produce Ag/TiO2 or sandwiched 

TiO2/Ag/TiO2 films. After deposition, the films are often stabilized by thermal annealing at 

300-600 °C77–80 which limits their use on flexible supports. Just one method was found to be 

compatible with flexible substrates as Ag/TiO2 were synthetized on PET substrates in room 

temperature with interesting optical properties81.  
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TiO2:Ag films are used to produce optical effects by a laser marking technology developed in 

the Hubert Curien laboratory. Liquid silver impregnation of TiO2 materials was found to be 

the most suitable for glass and PET substrates. It is envisioned to be also used on 

polycarbonate substrates.  

1.3. Optical properties of TiO2:Ag materials 

The laser marking technology used in this manuscript rely on the interaction of the light and 

the TiO2:Ag material resulting in permanent coloration of the film. The different mechanisms 

and properties to achieve this are described below. 

1.3.1. Plasmonic properties of metallic nanoparticles 

According to the International Standard Organisation (ISO), nanomaterials are materials 

possessing one, two or three external dimensions in the range between 1 and 100 nm82. 

Nanostructures have been a subject of scientific investigation since ancient times but have 

gained increasing popularity in the last century owing to the rise of nanotechnologies. 

Nanoscience involves understanding and controlling matter at a nanoscale and utilising the 

properties of these nanoscale materials that differ from their bulk counterparts to create or 

improve materials, devices, and systems83. The properties of nanomaterials depend directly 

on the nature of the material used, on their size and form, meaning that their properties can 

be tuned. One of the most interesting nanomaterials are nanoparticles (NPs) which possess 

three dimensions in the nanometric range. The smaller the particle the bigger is the ratio 

between surface atoms and volumes atoms and the interparticular distance is smaller 

compared to bulk materials.  

The most common nanoparticles found in literature are prepared of metals (Ag, Au, Pd, etc.), 

metal oxides (SiO2, TiO2)84, polymers85 or organic compounds86 . Noble metals are particularly 

interesting on this field due to their peculiar interaction with visible light. Silver and gold 

nanoparticles are the most commonly studied nanoparticles both fundamental and 

technological studies. The conductive electrons in metals are very mobile and create an 

electronic cloud around metallic ions, which can be polarized by an electromagnetic source 

such as light. In the simple example of a spherical-shaped nanoparticle (with the diameter 
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greatly inferior to the radiation’s wavelength) metal free electrons oscillate collectively when 

they are irradiated by incident light, as seen in Figure 12, and consequently form plasmon 

waves at the interface between the metal and its dielectric medium, called Localized Surface 

Plasmon Resonance (LSPR)87. These surface resonances are often accompanied (depending 

on their dimensions) with remarkable scattering, absorbance, electromagnetic field 

enhancement and coupling properties and are observable from the visible to near infrared 

domain. Their optical response is directly dependent on several factors such as the 

composition of the metal, their size, form, and/or their dielectric environment.  

An example is given in figure 13 where the optical response in the visible range was 

investigated for different sizes and shapes of gold and silver nanoparticles88. For instance, the 

response of spherical nanoparticles is blueshifted when the metal is silver (yellow curve) 

compared to gold (red curve). Moreover, the optical response is different when the shape of 

the nanoparticles changes as illustrated by the redshift for “branched gold ” (blue curve) and 

even more for “gold nanorods” (green curve) compared to spherical gold. These properties 

can interest different applications such as optical sensors89, bio imaging90, drug delivery91 

and/or therapy92.  

Figure 12: Schematic representation of 
plasmon resonance. 
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Figure 13 : Example of the plasmon resonance of metal NPs of different sizes, shapes and 

materials proving its dependence on all these features93. 

Introducing metallic species in mesoporous titania films is particularly interesting due to their 

unique electronic, optical and catalytic properties. The photoresponse of TiO2 in the visible 

and near-infrared spectral ranges is enhanced by the presence of noble metals injecting “hot 

electrons” in the semiconductor94 and thus making them great candidates for advanced 

applications such as nanoelectronics95 and photocatalysis71. In the scope of this manuscript, 

the focus is set on silver nanoparticles embedded in a titania matrix as interesting optical 

phenomena such as photochromism and permanent color production has been recorded. In 

the following part, a detailed description of the metal-semiconductor interaction which result 

on interesting optical effects. 

1.3.2. Photochromic behavior of TiO2:Ag films 

The photochromic behavior of a given material is defined by its reversible color 

transformation induced by light. Generally speaking, a chemical compound adsorbs the 

electromagnetic source resulting in the reversible transformation of one form (A) to another 

form (B) with different absorption spectra and are thermally stable under ambient conditions 

for a reasonable time. This phenomenon was first observed by Fritzsche in 1867 when he 

noticed the bleaching of an orange tetracene solution under sunlight which eventually 
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regained its coloration when it was kept in the dark96. This behavior was later observed in a 

solid material by Marckwald in 1899 when two organic compounds, anhydrous hydrochloride 

of benzo [c]-1,8-naphthyridine and 2,3,4,4-tetrachloro1 (4H) -naphthalenone, became 

colored when exposed to light and were decolorized when kept in the dark97. Since then, 

organic photochromic materials have been primarily developed, more than inorganic 

materials, even though they present some drawbacks. Inorganic photochromic materials 

generally are thermally and chemically more stable than their organic counterparts. 

Furthermore, great efforts were put on the development of hybrid materials either being 

inorganic/inorganic or inorganic/organic composites in order to improve the photochromism 

and tune their colorations.  

1.3.2.1. Photo-oxidation of silver nanoparticles 

A widely known photochromic inorganic/inorganic nanocomposite is silver nanoparticles 

(AgNPs) embedded in a titania (TiO2) host matrix70. The photoresponse of TiO2 in the visible 

and near-infrared spectral ranges is enhanced by the presence of noble metals injecting “hot 

electrons” in the semiconductor94 and thus making them great candidates for advanced 

applications such as nanoelectronics95 and photocatalysis71. In fact, when AgNPs are in close 

contact with a TiO2 matrix, a Schottky barrier is presented at the interface between the metal 

and the semiconductor98. This leads to the electron energy needed to allow electrons to leave 

the AgNPs to be lowered to the value of the Schottky barrier. Therefore, the excited electrons 

trough the LSPR of the AgNPs absorb the white light and cross by injection or tunneling 

through the Schottky junction as presented in figure 14.a99. The injected electrons cannot 

escape back to the metal due to the band bending. As a result, the AgNPs are positively 

charged, thus unstable and consequently dissolve into Ag+ ions. The possible pathways of the 

hot electrons are illustrated in figure 14.b as proposed by Kawahara et al.98.  The first 

possibility (a) is a direct electron transfer from excited Ag to oxygen molecules in the 

environment. Alternatively, electrons can be transferred indirectly to the oxygen molecules 

via TiO2 (b) or non-excited Ag (c).  
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Figure 14: Schematic illustration of the Schottky junction (1) at a metallic/dielectric interface 

adapted from H. Ma98. The photochromic behavior of TiO2:Ag material is evidence by the 
absorption spectral changes (2) after every UV-Visible cycle. (wavelengths of 244 nm for the 

UV and 488 nm for the visible light)100. 

1.3.2.2. Photo-reduction 

Silver ions Ag+ coming from non-reduced silver content in the film or from the photo-oxidation 

can be converted to Ag0 by a reduction process via UV irradiation59. In fact, assuming that Ag+ 

ions are mobile enough, they can diffuse in the surrounding and recombine with electrons 

from the conduction band of the titania matrix (in the case when the excitation energy is 

superior to its band gap of 3.2 eV), or from other compounds absorbed by the film to form 

Ag0 “monomers” 101. The reduction step results in the increase of the concentration of Ag0 

monomers, which leads to a uniform distribution of small and monodispersed AgNPs in the 

titania matrix. In previous experiments, thermal diffusion was highlighted as the main initiator 

of NP growth driven by the following mechanisms94,102. NPs can grow by Ostwald ripening 

process where Ag0 monomers diffuse in the material and are adsorbed at the surface of larger 

AgNPs. Another important mechanism is NP coalescence process where AgNPs are in contact 

and merge to form a single nano-object.  

The different mechanisms described above are illustrated in figure 15, namely the photo-

oxidation of AgNPs into Ag+ ions, the reduction of Ag+ to Ag0 and finally both growth 

mechanisms, Ostwald-ripening and coalescence processes. These reactions can be controlled 

by the laser light and plasmon-induced temperature rise. In fact, under visible light, the 

excitation of the LSPR of the silver nanoparticles embedded in a titania matrix can trigger two 

opposite effects, either the decrease of their size due to photo-oxidation (Ag0 transformed to 

Ag+) or their growth by in-situ heating (Ostwald-ripening and coalescence). For the latter it’s 

been observed that strong enough irradiations in the visible range can lead to permanent 
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modifications of the film due to thermal effects72. The strong temperature rise induced by 

plasmon absorption can lead to the growth of the nanoparticles but also induce the 

crystallization of the surrounding TiO2
94. By tuning the laser processing conditions, it was 

demonstrated that the nanoparticle size and their self-organization can be controlled within 

the system resulting on interesting optical properties such as diffraction and dichoism68,102,103. 

 

Figure 15: Illustration of the main mechanisms that control the size distribution of AgNPs 
embedded in a TiO2 host matrix when irradiated by laser94.  

Self-organization relate to the NP reshaping induced by strong laser irradiation and resulting 

in the formation of grating-like nanostructures containing reshaped NPs with tunable 

features. When the sample is illuminated by the laser, part of the electric field scattered by 

the initial NPs is trapped inside the film. Due to the high refractive index of the medium 

(titania), the film acts as waveguide, creating guided waves that interact with the incident 

beam and giving rise to intensity modulation and further nanoparticles growth72. An example 

is given in figure 16.1 where periodic nanoparticle gratings (parallel to laser polarization with 

310±5 nm period) were formed by femtosecond laser irradiation (λ = 515 nm) with a “low” 

scanning speed (LS) of 100 mm.s-1.  Conversely, with higher scanning speeds (HS; 1000 mm.s-

1), laser-induced periodic surface structures (LIPSS) containing nanoparticles are formed 

perpendicular to the laser polarization as depicted in figure 16.2 with a period of 490± 5 nm.  
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 Figure 16: Nanostructures produced by fs laser processing. At “low scanning speeds”, 

nanoparticle periodic gratings are produced parallel to the laser polarization. The surface 
topography of the gratings was analyzed by AFM (a) microscopy. The top view (b) and cross 
section were recorded by HAADF-STEM (c) depicting structures with a period of 310±5 nm. 

On the other hand, at “high scanning “speeds (2) LIPPS with a period of 490±5 nm are 
formed perpendicular to the laser polarization as observed in the top-view (a), cross-section 

(c) HAADF-STEM images, and the AFM surface micrograph (b) of the sample. Such self-
organized structures can diffract light under grazing angles (3), exhibiting bright colors at 

the -1st order of diffraction102. Moreover, the evolution of the surface morphology and 
topography (4) of the nanocomposite structure is highlighted. Top-view SEM and AFM 

images were recorded of different nanostructures at different scanning speeds, namely (a) 1 
mm.s-1, (b) 20 mm.s-1, (c) 100 mm.s-1 and (d) 170 mm.s-1. Dichroic color changes (5) were 

recorded for different nanostructures on different observation conditions 103. The red arrow 
represents the laser polarization. 

Both structures exhibit strong colors in the -1st back diffraction order at different incidence 

angles as illustrated in figure 16.3. Furthermore, in another study it was observed that varying 
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the laser conditions, namely the scanning speed and the laser light polarization, resulted in 

different configurations of nanoparticle and surface gratings as displayed in figure 16.4. They 

exhibit a broad range of dichroic colors as depicted in figure 16.5 due to strong local field 

enhancement103. The color of each nanostructure varies under unpolarized or polarized white 

light on either transmission or reflection observation modes.  

1.3.2.3. Laser-induced metasurfaces for anti-counterfeiting applications 

These metasurfaces, i.e. nanostructured photonic layers that strongly interact with light, have 

recently been exploited to develop optical switching devices for image multiplexing under 

white light. Multiplexing relates to a processing method of information or signals where 

separate pieces are combined and condensed in a single physical channel. In the case of image 

multiplexing, two or more input images are encoded in single multiplexed image. To be able 

to produce such an image, logical trees of colors are formed based of experimental sets of 

nanostructures (NS). To illustrate the concept, an example is given in figure 17.1 for the 

combination of two bicolor images where images A and B are displayed respectively in modes 

1 and 2. Therefore, 2x2= 4 metasurfaces (pixels) are selected to form the color tree presented 

in figure 17.1.c that display the specific two-dimensional colors visualized in figure 17.1.d.  In 

mode 1, nanostructures NS1 and NS2 display blue ( ) and nanostructures NS3 and NS4 

display yellow ( ), while in mode 2, nanostructures NS1 and NS3 display purple ( ) and 

nanostructures NS2 and NS4 display green ( ). The resulting image is printed in a support and 

to observe (or demultiplex) the output images, they are revealed independently under very 

specific observation and illumination conditions (mode 1 or 2). An example of an experimental 

result is given in figure 17.2 where three unique images are encoded in a single multiplexed 

image. The latter is reproduced on the sample by processing a single print using a 

femtosecond laser. To observe or demultiplex each output image, the laser processed area is 

observed in different modes (1, 2 or 3) using polarizers104.  
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Figure 17: (1) Schematic representation of two-image multiplexing using two colors per 
observation mode, therefore using 4 nanostructures (NS1 to NS4). First (a) the input images 
(A and B) are presented for each mode with their respective colors to create a multiplexed 
image (b). Then, four nanostructures are selected of the database that fulfill the color tree 
for multiplexing (c). Each nanostructure will depict a specific color (d) on the corresponding 

mode. (2) This method can be implemented for three-image multiplexing by fs laser 
processing nanostructures on TiO2:Ag films as presented by the experimental results. (3) 

Furthermore, examples of (a) two, (b) three and (c) four-image multiplexing are presented 
on the same material but using industrial ns laser processing.  

Implementing expensive and time-consuming femtosecond lasers to create the images and 

polarizers to observe them seem difficult to implement in industrial applications.  Therefore, 

more recently, to produce image multiplexing a nanosecond laser was implemented that 

produces efficiently nanostructures with a broad range of colors detected in different 

observation conditions105. A color search algorithm was developed that identifies all the 

possible color combinations to construct logical trees that allows two (a), three (b) and four 

(c) image multiplexing as illustrated in figure 17.3 that are easily observable by untrained 

users leveraging the potential of this technology for overt security features.  
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1.4. Conclusion 

The thesis revolves completely around laser processing a titania-based film hosting silver 

nanoparticles. The optical properties of these nanocomposites are particularly interesting as 

they can interact with light triggering different physical mechanisms and leading to 

permanent modifications of the material. These effects can be interesting for security 

applications. Therefore, it is of great interest to develop this technology on flexible supports. 

To be able to produce these effects, a TiO2:Ag thin film is elaborated by sol-gel method. The 

host titania host matrix is deposited on a substrate followed by a stabilization process. For 

rigid and thermally resistant substrates such as glass, a thermal treatment at 340°C is the most 

efficient method to stabilize the matrix to amorphous titania and create the porosity. 

However, this method is not suitable for flexible supports. Recently, alternative methods 

were developed at low synthesis temperatures to stabilize such materials on plastic and paper 

that will serve as the basis for the preparation of materials in the thesis. Once the matrix has 

been stabilized, silver is introduced by liquid impregnation mainly in the form of ions Ag+, Ag0 

and small AgNPs. Mesoporous titania been a semiconductor can act as a host to grow metallic 

nanoparticles inside it leading to a photochromic behavior due to photo-oxidation and photo-

reduction mechanisms when exposed to white and UV light respectively. Moreover, if the 

laser irradiation is strong enough, heat-assisted mechanisms are triggered namely Ostwald 

ripening and/or coalescence leading to the formation of bigger NPs. It also induces significant 

changes to the surrounding medium such as the crystallization of TiO2. These modifications 

are permanent and can lead to interesting visual effects such as color production in different 

illumination conditions that can be utilized to produce images. The most recent results were 

produced by ns pulsed laser (λ=532 nm) where a color search algorithm was developed to 

automatically chose the best colors from a laser database and produce anticounterfeiting 

features such as image multiplexing. It relates to encoding at least two images in a single print 

and are observed independently on specific observation conditions as seen in figure 17.  

The objective is to utilize the results and know-how presented in this chapter to develop a 

process to prepare the different materials on plastic substrates before laser processing. 

Therefore, in the next chapter the different materials and methods are presented followed 

by a deep characterization of the as-prepared films on flexible supports. 
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CHAPTER 2: MATERIALS AND METHODS 

In this chapter, the objective is to develop an alternative low-thermal preparation of 

mesoporous titania films is developed and impregnated with silver salts. Inspired by Tricot et 

al. past work69, further steps were taken to optimize the stabilization process of mesoporous 

titania films embedded with silver nanoparticles. Three different configurations were 

prepared on polycarbonate samples illustrated in figure 18: 

- “PC:TiO2:Ag”:  The first configuration relate to a mesoporous titania film is deposited on a 

clear PC substrate which is then impregnated with silver to form AgNPs in the host matrix.  

- “TiO2:Ag PC card”: the second configuration relates to a PC:TiO2:Ag that is laminated to form 

a PC card and emulate a real document.   

- PC:SiO2:TiO2:Ag”: the third and last configuration relate to the introduction of a dense silica 

layer between the PC and the TiO2:Ag film to protect the PC substrate.  

Figure 18: Illustration of the three configurations developed in the manuscript. 

Before describing the different steps taken to prepare these materials, the characterization 

methods are described in the following section.  

2.1. Material characterization methods 

Different chemical and physical characterizations are made on the different elaborated thin 

films presented in figure 18. In the following section, the different methods are described. 

2.1.1. Spectroscopy methods 

2.1.1.1. Fourier-transform infrared spectroscopy 

Fourier-transform infrared spectroscopy (FTIR) is a non-destructive characterization 

technique to obtain an absorption spectrum of a sample in the infrared (IR) range, typically 

between 4000 and 400 cm-1. This technology relies on atomic vibrations of molecules that 
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only absorbs at specific frequencies and energies of IR irradiation. The FTIR spectrometer uses 

an interferometer to record the energy that is being transmitted or reflected by the sample 

over a broad spectrum. The resultant signal passing through the detector represents a 

molecular “fingerprint” of the sample with dips at frequencies that characterize the presence 

of specific functional groups. 

FTIR were carried out with an attenuated total reflectance module (FTIR-ATR). Here the IR 

irradiation passes through the diamond until it reaches the diamond/sample interface where 

light is totally reflected at least once and creating an evanescent wave. In regions where the 

sample absorbs energy, this evanescent wave will be attenuated or altered. The resultant 

signals are passed to the detector in the spectrometer and finally to the system to generate 

an IR spectrum. These measurements were done with a Nicolet iS20 FTIR spectrometer from 

Thermo Fisher Scientific (LabHC) where the sample is placed in contact with a diamond 

crystal. 

2.1.1.2. UV-Visible spectroscopy 

UV-Visible spectroscopy relies on the absorption or reflection of ultraviolet or visible light by 

a material. To perform these measurements a Cary 5000 spectrophotometer from Agilent 

was used to measure the transmittance of the different samples at a 0° incident angle. 

2.1.2. Microscopy methods 

2.1.2.1. Optical microscopy 

The samples were observed using an BX51M microscope with a 10X/0.25 objective both from 

Olympus. In order to take images in transmission, the setup was equipped with a uEye camera 

controlled with uEye cockpit software from IDS-imaging placed at the top of the microscope 

following the plane of the objective. Additionally, a Marzhauser Wetzlar motorized stage is 

placed between the objective and the light source to move the sample. 

2.1.2.2. Scanning electron microscopy 

Scanning electron microscopy (SEM) is a type of electron microscopy to produce images of a 

sample by scanning the surface with a focused beam of electrons under vacuum. The atoms 

present at the surface interact with atoms resulting in various signals that reveal information 

about the topography or composition of the surface at the nanometric scale. Various types of 
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signals, depending on the detector, can be measured such as secondary electrons (SE), back 

scattering electrons (BSE) and x-rays or light for cathodoluminescence (CL). In this manuscript, 

a JSM-IT200HL electron microscope from JEOL with a helix detector is used to characterize 

the morphology of the materials by collecting the secondary electrons signals under low 

vacuum at 5kV. Working in these conditions, any damage or deterioration of the sample is 

avoided, especially for plastic substrates and AgNPs which are sensitive to intense energy 

scanning. 

2.1.2.3. Transmission electron microscopy 

Transmission electron microscopy (TEM) imaging was performed by using a JEOL NeoARM 

200F electron microscope in “scanning” mode (STEM) where the beam is focused at larger 

angle and is converged into a focal point. Chemical mapping of the samples was performed 

with a STEM HAADF Gatan detector.  

Sample preparation for cross-section imaging 

To observe the cross-section of the films embedded in plastic (TiO2:Ag PC card) the samples 

are prepared by ultramicrotomy using a LEICA EM UC7 ultramicrotome. For this a small piece 

of the card is cut in the shape of a tip and included in an epoxy resin. After solidification, the 

samples are cut in ambient conditions with the ultramicrotome. The cut section is then placed 

in a copper grid to be able to observe it by TEM. It is important to note that it is difficult to 

assess what is the top and bottom part of the film as we have residual polycarbonate on both 

sides. 

2.1.2.4. Atomic force microscopy 

Atomic force microscopy (AFM) is a scanning microscopy used to probe the topography of the 

surface of a sample by measuring the movement of a cantilever with a sharp tip raster-

scanning over a surface. In the manuscript, the AFM measurements are carried in tapping 

mode over 20µmx20µm areas of the surface of the film using a Bruker ICON AFM controlled 

with Nanoscope software in ambient conditions. 
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2.1.3. Ellipsometry characterizations 

2.1.3.1. Ellipsometry setup 

Ellipsometry is a non-destructive characterization method based on the measurement of 

depolarization of a light beam after being reflected by a material. It provides valuable 

information about the optical properties (refractive index, n, extinction coefficient, k) and 

thickness (T) of the material. Here a J.A. Woollam M200V ellipsometer is used and equipped 

with a source (1.2x0.3 cm2 spot size at 70°) and a detector as illustrated in figure 19. The 

relative changes in amplitude Δ and phase ψ of the reflected beam are measured as a function 

of the wavelength of the incident beam (ψ,Δ=f(λ)).  To determine the contribution of n, k and 

T, the experimental measurements are fitted to a model built to represent the stack 

(substrate + film(s)) by using the software “Wase 32” from Woollam. If the studied material 

is dielectric and transparent in the visible range, which is the case here, it can be modeled 

following a simple Cauchy dispersion model where 𝑛 ≈ 𝐴 + 𝐵/𝜆2. 

 
Figure 19: Schematic representation of an ellipsometer. 

2.1.3.2. In-situ ellipsometry 

In-situ ellipsometry can provide valuable information about the evolution of optical 

properties (n) and thickness (T) of thin films in time. During aging of a material, chemical 

reactions occur within the system leading to changes of refractive index and thickness. In this 

manuscript, a thermal treatment followed by a UV exposure of the film were investigated. 

For this purpose, a programmable heating stage (Linkam T96-HT with temperature range 10 

– 750 °C) is mounted on the ellipsometer used above to reproduce the thermal treatment. 

For the UV exposure, a 254 nm UV LED (4W) is mounted on the ellipsometer to irradiate the 

sample during measurement.  
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2.1.3.3. Environmental ellipsometric porosimetry 

Changes in the properties of a material can occur due to equilibrium with the atmosphere. 

Solvent vapors (water, organic solvents) potentially present in the environment can thus 

absorb (as-prepared films) or adsorb (rigid porous films) and lead to modifications of the film 

thickness (shrinkage or contraction) and refractive index. In the case of mesoporous films, 

when the relative solvent pressure increases, adsorption and capillary condensation occur in 

the pores. By carefully programming the atmosphere conditions and monitoring the film 

evolution, it is possible to determine the percentage of porosity and the pore size. This 

method is named Environmental Ellipsometric Porosimetry (EEP). For this purpose, a home-

made ellipsometry chamber was designed where gas (vapor containing air) is injected 

accordingly to the programmed relative solvent vapor pressure P/P0 (solvent pressure / 

saturation vapor pressure). Mass flow controllers deliver a flow of dry air (P/P0 = 0) mixed 

with a flow of air containing a solvent or water (P/P0= 1) to control precisely the relative 

solvent vapor pressure inside the chamber. In this manuscript, isopropanol (iPrOH) was used 

as solvent in ambient conditions. During the adsorption, pores containing air (n=1) are 

progressively filled with solvent (niPrOH= 1.383), resulting in an increase of the overall 

refractive index. Once the partial pressure reaches P/P0 = 1, desorption is carried by 

progressively decreasing the relative vapor pressure until the atmosphere is completely dried 

(P/P0=0). The combination of the adsorption and desorption curved depicts an isotherm of 

the evolution of the refractive index (here at 600nm) versus the solvent partial pressure (P/P0) 

inside the chamber that can be treated like all other volumetric methods to determine pore 

characteristics. To do so, the volume of solvent absorbed is calculated with the Bruggeman 

effective medium approximation (BEMA) model as depicted in Equation (3) for two 

components, with 𝜀̃1 and 𝜀̃2 the respective dielectric functions of the material and pores and 

f the volume fraction of each. The dielectric constant of the overall transparent composite 

coating, experimentally measured, is 𝜀̃=n2 106.  

𝑓
�̃�1− �̃�

�̃�1+2𝜀
+ (1 − 𝑓)

�̃�2− �̃�

�̃�2+2𝜀
= 0                                     (Equation 3) 

The porous volume of the film VP is measured in dry atmosphere (P/P0=0) and 𝜀̃2 = 1. By 

collecting the refractive index of the film at each solvent relative partial pressure, the 

adsorption-desorption isotherm Vadsorbed/Vfilm vs. relative vapor pressure can then be 
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experimentally obtained as in figure 20.a as Vadsorbed/Vfilm is considered to be equal to the 

product of the porous volume and the volumetric fractions of the solvent-saturated 

mesoporous film: 

𝑉𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑/𝑉𝑓𝑖𝑙𝑚 = 𝑓𝑉𝑃                                  (Equation 4) 

The pore size distribution is determined from the isotherm with the Kelvin equation (Equation 

5) based on the curvature of the meniscus inside pores. The expression relates the partial 

pressure P/P0, the surface tension γ, the molar volume of the liquid VL, the contact angle 𝜃 

between the solid and the adsorbate, and dS/dV as the geometric function to express the 

variation of surface of the pores with the variation of their volume.  

𝑅𝑇𝐿𝑛
𝑃

𝑃0
=  𝛾𝑉𝐿𝑐𝑜𝑠𝜃

𝑑𝑆

𝑑𝑉
                                        (Equation 5) 

It is important to note that capillary condensation does not occur directly on the pore itself 

but rather in the adsorbed layer, creating a cavity with a smaller radius, called the kelvin 

radius 𝑟𝑘. To implement this in the Kelvin equation, a Tolman correction is applied that 

considers the geometry of the pores by computing a geometrical factor, 𝐺, with values of 1 

for cylindrical pores and 2 for spherical pores, and the bond length, 𝛿, of an isopropanol 

molecule set at 2.10-10 m. This leads to the following relation106: 

𝑟𝑘 = 𝐺 (
−𝛾0𝑉𝐿𝑐𝑜𝑠𝜃

𝑅𝑇𝐿𝑛(𝑃 𝑃0)⁄
+ 𝛿)                                          (Equation 6) 

From this the diameter of the pores can be determined with equation 7, considering the 

thickness of the adsorbed layer, ℎ𝑎𝑑𝑠, and the kelvin radius 𝑟𝑘. It is therefore possible to 

change P/P0 axis in dimension of the pore D and plot the derivative of the isotherm (dV/dD) 

vs. D, providing the pore size distribution as presented in figure 20.b for both adsorption 

(blue) and desorption (red) curves. The pore size distribution is determined with the 

adsorption curve. 

𝐷 = 2 (ℎ𝑎𝑑𝑠 + 𝑟𝑘)                                                 (Equation 7) 
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Figure 20: (a) Adsorption (blue) and desorption (red) curves a function of the relative water 
vapor pressure. (b) Extraction of the pore size distribution based on (a). Taken from T. 

Bottein thesis24. 

2.1.4. Adhesion characterization 

The adhesion of the prepared film was characterized by a scotch test following the technique 

D3359-97 of “the American Society for Testing and Materials”. A multi cross cutter from 

Erichsen (model 295) is used to perform a grid in the film. A standardized tape (Scotch 2525) 

is stuck at the surface of the film for 30 seconds and pulled in a fast-single motion. The region 

around the grid is analysed by optical microscope to determine the percentage of film 

removed with the tape. 

The different material characterization methods have been presented that allow us to 

investigate the physical and chemical properties of the substrates and films that are described 

below.   

2.2. Presentation of the flexible support: Polycarbonate 

In this manuscript, the plastic support used is polycarbonate (-[CO-O-pPh-C(CH3)2-pPh-O]n). 

It is a thermoplastic that is widely used for electronic identity documents with great optical 

and physical properties. A full PC card is made of different PC sheets that fuse together to 

form a uniform and flexible solid material. It presents exceptional non-delaminable properties 

compared to other plastics (PVC or PET) in the security industry, meaning that all the security 

features that are included in the various layers are “trapped”, hence protected, in the card 

providing enhanced anti-counterfeiting properties. They can endure real use situations in 

different climatic conditions and even intense physical and chemical lab tests without 

diminishing its properties. The lifespan of a PC card is at least of 10 years of real use. 

Additionally, PC is environment-friendly as its decomposition does not release toxic waste but 
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mostly carbon dioxide and water when combusted. Moreover, it has excellent transparency 

as its light transmission percentage is around 90%, ideal for multimodal plasmonic coloring. 

2.1.2. PC substrate preparation 

100 µm “non laserable” PC sheets with a matte finish were provided by Exim (product 

reference: JS1501T) for this project. To produce transparent and rigid substrates that are 

easier to manipulate, two of these 100 µm thick PC sheets are laminated together. After 

lamination, 200±5 µm transparent PC sheets and cut in 4x4 cm squared PC substrates. Before 

any deposition both surfaces of the substrates were cleaned thoroughly. To do so they were 

first cleaned with soapy water by gently brushing each surface with a clean brush. Then, they 

were placed in a container with anhydrous ethanol for 10 minutes. The same process was 

repeated in deionized water and then the substrates were dried using gaseous N2. Finally, 

before any deposition the surface was treated with a two-minute plasma O2 treatment to 

improve its adhesion properties. For this, the samples are put in a vacuum chamber attached 

to a Pico plasma system by Diener Electronic. Air is pumped out for roughly 30 seconds until 

it reaches a chamber pressure of 0.06 mbar. Then, O2 gas is supplied in the chamber at a flow 

rate of 50 sccm (standard cubic centimeter per minute) for a minute. After filling the chamber, 

the plasma process is performed at 50% power (100% power = maximum power) for two 

minutes. The remaining O2 in the chamber is flushed out for 5 seconds, the vacuum is released 

and the substrates can be finally removed. 

2.2.1. PC substrate characterization 

As-prepared 200 µm PC substrates were characterized before any deposition. The FTIR-ATR 

spectra of the sample is depicted in figure 21 revealing the main characteristic chemical bonds 

of its molecular architecture (displayed inset). These are mono-bonds carbon-carbon (C-C) 

and carbon-hydrogen (C-H), as well as double bonds carbon=carbon (C=C), carbon=oxygen 

(C=O). Table 2 summarizes the vibrational bands of the different functional groups  that are 

carbonyl, phenyl and methyl groups in accordance with literature107.  
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Figure 21: FTIR transmission spectra of a polycarbonate substrate. Inset the semi-developed 

formula of PC is displayed. 

Table 2: Chemical bonds recorded by FTIR of a polycarbonate substrate. 

Chemical bonds Wavenumber (cm-1) 

Aromatic C-H ring deformation 3040 

CH3 vibrations 2966 

C=O deformation 1770 

C=C stretching vibrations 1503 

Assymetric O-C-O deformations 1217-1157 

CH3 vibrations  1079 

Symmetric O-C-O deformations 1013 

PC substrates are transparent in the visible range as shown in the UV-Visible transmission 

spectra in figure 22 where 80% is transmitted between 350 and 800 nm. A sharp decrease 

near 350 nm to 0% is observed covering the UV domain until 200nm, typical of a transparent 

polycarbonate substrate due to the presence of aromatic parts107.  
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Figure 22: UV-Vis transmission (%T) spectra of a PC substrate between 200 and 800 nm 

wavelength. 

2.2.1.1. O2 plasma treatment 

O2 plasma treatment of plastic supports is a well-known concept to improve the adherence 

of coating deposition108. Plasma partially ionizes oxygen into different components such as 

O+, O-, O2
-, O3, ionized ozone, metastable O2 and free electrons. Their recombination releases 

energy and photons, mainly in the UV range. These UV photons bombard the surface with 

enough energy to break the polymer’s carbon-carbon and carbon-hydrogen bonds present at 

the surface and increases the oxygen content, thus increasing the surface energy. Not only 

the surface chemistry can be altered but also the roughness of the surface. For polycarbonate 

in particular it was found that an O2 plasma treatment can reduce the “macroscopic” 

roughness of a PC surface leading to a better overall contact area between the liquid and the 

substrate109.  

A PC substrate was investigated before and after a 2-minute oxygen plasma treatment. First, 

a decrease of the overall roughness of the surface was observed after treatment as depicted 

by the AFM micrographs in figure 23.a. This demonstrated a smoothening of the surface as 

the mean roughness (Sa) is reduced by a factor of 2 going from 11.25 nm to 5.59 nm. 

Additionally, an improvement in hydrophilicity of the surface was evidenced in figure 23.a 

(bottom) where the contact angle of DI water droplets greatly decreases after the treatment. 

This was attributed to partial surface chemistry modifications with the formation of -OH 

groups109 even if it was difficult to conclude with FTIR characterization in figure 23.b due to 
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the limit of sensibility of the technique. The influence of this treatment on film deposition is 

later described in part 2.4.1.  

 
Figure 23: (a) Before and after oxygen plasma treatment, 20x20 µm 3D AFM micrographs 
were recorded showcasing the surface roughness modifications (upper part). In parallel, 

images of DI water droplets on top of the surface were taken by a phone camera 
demonstrating an improvement in hydrophilicity after treatment (bottom part). (b) No 

significant chemical changes were observed after treatment as illustrated in the FTIR-ATR 
spectra measurements. 

2.2.1.2. PC substrates vs post-deposition treatments 

It is envisioned to utilize a combination of thermal and UV treatments to prepare TiO2 films 

as developed by Nipun et al.68. The behavior of PC substrates to the thermal (130°C) and UV 

(254 nm; 50 mW.cm-2) treatment used for the elaboration of sol-gel film. PC samples were 

cleaned and treated separately by each process for 4 hours. The substrates were 

characterized by FTIR-ATR spectroscopy as depicted in figure 24 where the untreated PC 
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substrate is represented by the black curve, PC substrates treated separately by the thermal 

and UV treatments are depicted respectively in red and blue curves.  

Regarding the thermal treatment no visual modifications or deformations were observed as 

long as the temperatures is below 130°C, otherwise they start bending/melting as the glass 

transition of PC is around 145°C. Additionally, the FTIR spectra in figure 24 (red curve) do not 

present significant chemical changes even after 4 hours of treatment at 130°C. 

Conversely, after a 4-hour UV treatment the substrate presents a slight yellowish color. This 

is due to the photo-Fries reaction of polycarbonate under short UV radiation as energy is 

adsorbed by the polymer and promotes the scission of carbonate linkage110. The break of the 

carbonate bonds leads to the production of free radicals which are then rearranged to form 

primarily phenylsalicylates or hydroxybenzophenones, as well as ether derivate groups107. The 

photo-products formed are ortho-dihydroxybenzophenone and diphenoquinone that adsorb 

in the blue range thus responsible for the yellowing of the substrate111. These structure 

changes are revealed by the blue FTIR curve in figure 24. A slight broad band starts to appear 

at 3400 cm-1 indicating the presence of hydroxyl groups corresponding to the rearranged 

species. An increase of the transmission at 1770 cm-1 is sign of carbonate sites acting as 

initiators for the photo-Fries reaction. This is accompanied by a transmission decrease of 

peaks at 1592, 1615 and 1683 cm-1 (carbonyl region at 1760-1550 cm-1) and are attributed to 

the formed photoproducts containing substituted phenols, aromatic esters, aromatic 

aldehydes, carboxylic acids111. 

In summary, the FTIR spectra supports that the PC substrate can withstand long thermal 

treatments as long as the temperature does not exceed 130°C. On the other hand, long UV 

irradiation (≈ 4 hours) can lead to photo-Fries reaction of the polymer’s surface as evidenced 

in the structural changes depicted in the FTIR spectra. This is observed a very slight yellowing 

of the substrate’s color, consequently diminishing the transparency of the sample and 

potentially its mechanical properties. Regarding the sample preparation it is then envisioned 

to not exceed these constraints, mainly for the UV exposure (less than 4 hours), to not 

deteriorate the substrates and only affect the film. The methods of sol-gel film preparation 

are described in the following section. 
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Figure 24: FTIR-ATR spectral measurements of a PC substrate (black curve) treated 4 hours 
at 130°C (red curve) and 4 hours exposed to UV light (254nm; blue curve).  

2.3. Sol synthesis and preparation of PC:TiO2:Ag films 

The preparation of TiO2:Ag films is described in this part. First, the titania matrix is elaborated 

by sol-gel method and followed by liquid impregnation of silver salts. Below, the chemicals 

and methods are detailed. 

2.3.1. Chemicals 

The titania sol synthesis is inspired by previous works on the preparation of mesoporous films 

on on plastic supports68. It follows a typical formulation but with the addition of acetylacetone 

(AcAc) to complex the inorganic titania precursors and form either titania mono-adducts or 

bis-adducts as depicted in figure 25. This moderates the hydrolysis and condensation of 

inorganic species, preserving the TiO2 nanocrystal size to a minimum as it was observed that 

without complexants, large nanocrystals are formed. This could lead to light scattering making 

the material unsuitable for optical applications. Additionally, AcAc molecules can be 

photodegraded by UV exposure at 254 nm leading to a controlled polymerization of the 

amorphous titania matrix without needing high thermal treatments112. 
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Figure 25: Illustration of the reaction of metallic precursors, titanium isopropoxide (TTiP), 
mixed with complexing agent acetylacetone (AcAc) resulting in the formation of titania 

mono-adducts and bis-adducts. 

The chemicals involved in this synthesis are titanium tetraisopropoxide (TTiP; 97%), 

acetylacetone (AcAc,99%), poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) 

block copolymer (Pluronic P123, molecular weight: 5800 g.mol-1), all purchased from Merck 

Group, hydrochloric acid (HCl;37%) and absolute anhydrous ethanol (EtOH) bought 

respectively from Carl Roth and Carlos Elba. Deionized water (DI water) is also involved in the 

sol synthesis. The sol was prepared in a clean room (class 100, RH%= 50±5 %; temperature= 

22±2 °C) to maintain reproducibility of the synthesis. 

2.3.2. TiO2 sol preparation 

TiO2 films were prepared by sol-gel process using titanium tetraisopropoxide (TTiP) as the 

titania precursor, AcAc as a stabilizing agent, absolute ethanol (EtOH) as the main solvent, 

block copolymer P123 as the templating agent, hydrochloric acid (HCl) as the acidifying agent 

and deionized water (DI water) to promote the hydrolysis. The molar ratio of each chemical 

is set to: TTiP:P123:EtOH:HCl:H2O:AcAc :: 1:0.025:72:0.015:29.97:0.5. In a 100 mL round flask 

(1), 2.55g of P123 were dissolved in EtOH (23.08g) under stirring for 15 minutes before adding 

two drops of HCl (37%; 0.028g) and stirred for 30 more minutes. In another 100 mL round 

flask (2), 5g of TTiP are mixed with 0.88g AcAc under stirring for 15 minutes. Once the mixtures 

are ready, the content of flask (2) is added dropwise to flask (1) while stirring and followed by 

the addition of 9.5 g of DI water. The solution was then stirred for 7 hours and a transparent 

yellow solution is obtained. A final 35.5g of EtOH was added to the solution to dilute it by a 

1:1 factor in volume. 
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2.3.3. Mesoporous TiO2 thin film preparation 

The sol described above is deposited in ambient conditions (22°C; 36%RH) on the PC substrate 

using a syringe equipped with a filter to remove impurities (25mm Acrodisc syringe filter with 

0.2 µm PVDF from Sigma Aldrich). The deposited solution is spin coated at a turning speed of 

2000 rounds per minute (RPM) for 60 seconds (acceleration of 500 RPM) using a Laurell 

“WS400A 6TFM/LITE” spin-coater placed under the hood. After this process, the opposite side 

of the coated surfaces was thoroughly cleaned with a clean room pad soaked in EtOH to 

remove sol excess. The samples were then placed in a stove (Memmert-100) with a controlled 

temperature of 130°C for 2 hours. This was followed by a 2-hour UV exposure at 254nm using 

a 15W lamp (intensity of roughly 25 mW.cm-2) from Vilber (CN-15.CC UV darkroom). The films 

were then washed with absolute ethanol for 2 minutes and finally heated for an hour at 120°C 

to remove any remaining organic parts and solvent from the film. A 95±5 nm mesoporous 

titania film is obtained and named “PC:TiO2”. 

2.3.4. Impregnation with ammoniacal silver solution 

 After stabilization of the mesoporous films, their porosity was filled with silver nanoparticles 

as described elsewhere59. For this, an ammoniacal silver nitrate solution [Ag(NH3)2]+N03
- 

(1.5M) was prepared by adding silver nitrate (AgNO3) in an equivalent 1:1 molar ratio solution 

of EtOH and deionized water and stirred for 5 mins. Ammonia (NH3) was then added until the 

initially brown solution turned transparent (≈12 g of 5N NH4OH solution). Just before soaking, 

the samples were dried in a stove at 130°C to remove any VOCs (volatile organic compounds) 

or humidity present in the pores. After one hour of drying, they were rapidly placed in a Petri 

dish and soaked in the silver nitrate solution in the dark. After one hour of soaking, they were 

rinsed with DI water to remove silver excess on the surface and dried with nitrogen gas. The 

resulting films were transparent and colorless at this stage and contained mainly silver ions 

(Ag+). The formation of silver NPs was induced photocatalytically under UV exposure. The 

samples were exposed to a 254 nm UV light (50 mW.cm-2) for 1 hour and a brownish color 

was obtained due to AgNPs growth. For reference, these samples are called “PC:TiO2:Ag” 

samples. They contain a blend of Ag+ ions, Ag0 atoms and Ag NPs whose size is comprised 

between 10 and 40 nm.  
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2.4. PC:TiO2:Ag film characterization 

2.4.1. Influence of the O2 plasma substrate treatment on the film deposition 

As previously presented an oxygen plasma treatment was performed on PC substrates in 

order to improve the adherence of sol-gel films. To support this mesoporous TiO2 films were 

prepared (as described in part 2.3.3) on untreated and treated PC substrates, and 

characterized in transmission by optical microscopy. As observed in figure 26.a the film 

presents heavy cracking and delamination, contrary to what is observed in figure 26.b where 

a crack-free film is obtained when pretreating the PC with a fast O2 plasma treatment. The 

adhesion of the film was evaluated by the scotch test described in part 2.1.4, presenting good 

adherence  

 
Figure 26: Optical microscope images of the surface of a PC:TiO2 substrate untreated (a) and 

treated with an oxygen-plasma treatment for 2 minutes (b).  

2.4.2. Characterization during/after the stabilization process 

The preparation of mesoporous TiO2 films on PC substrates can be divided into two key steps 

after formulation of the sol: the deposition, ensuring the homogeneity of the film, and the 

post-deposition treatments, consolidating the inorganic matrix while simultaneously 

emptying the porosity. In this manuscript three post-deposition treatments are performed: a 

thermal treatment at 130°C for 2 hours for solvent evaporation, followed by a 2-hour 254 nm 

UV treatment that breaks “Ti-Acac” complexes and a chemical extraction with EtOH to 

remove any residual organic parts. The performance of each step is investigated. 

2.4.2.1. FTIR-ATR spectral characterization 

During the film preparation, FTIR-ATR spectral measurements can reveal information, in 

theory, about three different chemical changes: (1) the consolidation of the inorganic titania 
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matrix, (2) the elimination of the stabilizing agent AcAc and lastly (3) the elimination of the 

templating agent, P123, and thus creating the porosity. Unfortunately, PC presents a large 

number of vibrational bands that overwhelm the different vibrational bands, thus limiting the 

extraction of accurate information as depicted in the FTIR spectra in Annex 1. The only 

vibrational band not present in the PC FTIR spectrum is for methylene groups (-CH2) of the 

block co-polymer P123 and acetylacetone around at 2870 cm-1. Therefore, the focus is set in 

the measurements in the 3800-2500 cm-1 range depicted in figure 27.  

The apparition of a broad band at 3400 cm-1 is attributed to stretching vibrations of water and 

–(OH) groups113. Another peak is noted at 2868 cm-1 for the symmetric stretching of (-CH2) 

groups113 related to the presence of AcAc and P123 compounds after the thermal treatment. 

This is logical as the thermal treatment reaches only a temperature of 130°C and P123114 and 

AcAc115 start decomposing at 150 °C and higher. However, this band is significantly reduced 

after the UV254 treatment, which is a sign of photocatalytic elimination of P123 by the titania 

film. Furthermore, the remaining organic parts are washed by ethanol followed by a final 

drying step. This suggests that the surfactant is eliminated leading to the formation of pores 

are formed in the material. To verify this hypothesis, ellipsometric characterizations were 

performed. 

 
Figure 27: FTIR-ATR spectra measurements of the evolution of a TiO2 film over the course of 
the stabilization process. The thermal, UV and washing steps are illustrated by the red, blue 

and yellow curves respectively. The black curve is related to a virgin PC substrate. 
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2.4.2.2. Environmental ellipsometry characterization 

During the post-deposition treatments, the refractive index and thickness of a layer vary over 

time due to chemical reactions taking place within the system. Here these modifications were 

followed by in-situ environmental ellipsometry (in-situ EE) of the TiO2 film during the thermal 

and UV treatment as previous FTIR-ATR measurements (figure 27) suggest a significant 

change in chemical composition. To avoid measurement aberrations due to the anisotropy of 

polycarbonate substrates, the characterization was carried on silicon wafers. Before coating, 

the silicon wafers were thoroughly cleaned with acetone, water and ethanol. The TiO2 sol is 

deposited in ambient conditions by dip-coating using an ACE-dip from Solgelway with a pulling 

speed of 5 mm.s-1 to adjust the final thickness to 95±5 nm. After deposition, the sample is 

quickly placed in the thermal chamber mounted on the ellipsometer and heated at 130°C (120 

°C/min ramp) for 2 hours. The evolution of the refractive index (n) at 600 nm wavelength and 

thickness (T) are recorded every 10 seconds of the treatment as presented in figure 28. The 

interpretation of the ellipsometry data variation for mesostructured films can be fairly 

complex as different chemical mechanisms can take place. For instance, three regimes are 

depicted: film before (0), during (1) and after (2) treatment. During the annealing (1), the 

refractive index starts to increase progressively accompanied with a progressive decrease of 

the thickness, sign of film densification. This is attributed to dehydration of the inorganic 

matrix (ethanol, water) and thus densification of the film44.  After the end of the treatment 

(2), the refractive index increases significantly going from 1.536 to 1.581 and the thickness 

decreases from 251±5 to 240±5 nm. This is due to relaxation of the film from its thermal 

expansion, resulting in the contraction of the material.  
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Figure 28: In-situ ellipsometric behavior of a xerogel TiO2 film on Si wafer during a 2-hour 

thermal treatment at 130°C. The refractive index (n at 600 nm; blue curve) and the thickness 
(T; red curve) of the film are presented as a function of time. 

The sample was then exposed to a UV treatment for several hours as the power of the lamp 

mounted in the ellipsometer is significantly lower than the one described in part 3.2 (4W vs 

15 W). The in-situ EE measurements were performed every 10 seconds of treatment and are 

depicted in figure 29 where three regimes are presented. During the first hour of treatment 

(1), the film is greatly densified as the refractive index of the film increases (1.607 to 1.690) 

and the thickness (T) decreases considerably (234 to 115 nm). After roughly 100 minutes of 

treatment (2), the refractive index drops considerably alongside a partial decrease of the 

thickness of the film. This is attributed to the templating agent (n>1) being eliminated from 

the film, forming pores which are filled with air (n=1). Consequently, the overall refractive 

index of the system drops while the thickness slowly decreases. Lastly, after 5 hours of UV 

exposure (3) the film is stable as no significant changes were observed where n=1.515 ±0.1 

and T=103±5 nm.  
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Figure 29: In-situ ellipsometric behavior of a xerogel TiO2 film on Si wafer during a 6-hour 
254 nm UV treatment. The refractive index (n at 600 nm; blue curve) and the thickness (T; 

red curve) of the film are presented as a function of time. 

The final step was EtOH washing and drying of the film for an hour at 130°C to dry and remove 

the remaining organic parts and characterized ex-situ by environmental ellipsometry (ex-situ 

EE). The sample was placed in the chamber for 5 minutes in dried conditions (P/P0=0) to 

remove potential adsorbed VOC and its properties were determined as n1(@600nm) = 1.546 

and T = 91.91 nm, sign of a densification of the film. The same measurement in a solvent-

saturated environment was carried (P/P0= 1) with iPrOH resulting in an increase of the 

refractive index to n2 = 1.726 and a constant thickness of 92.2 nm, confirming the presence of 

pores where air (nair =1) is replaced by iPrOH (niPrOH = 1.383) and consequently increasing the 

overall refractive index of the film from (n1) 1.546 to (n2) 1.726 without altering its thickness 

(≈92 nm). From these results, the porosity (𝑓𝑃) can be estimated to 40%v if the following 

equations are considered: 

𝑛1 =  𝑛𝑎𝑖𝑟𝑓𝑃 +  𝑛𝑇𝑖𝑂2
(1 − 𝑓𝑃)                               (Equation 8) 

and 

𝑛2 =  𝑛𝑖𝑃𝑟𝑂𝐻𝑓𝑃 +  𝑛𝑇𝑖𝑂2
(1 − 𝑓𝑃)                               (Equation 9) 

results in 

𝑓𝑃 =  
𝑛1+ 𝑛2

𝑛𝑎𝑖𝑟− 𝑛𝑖𝑃𝑟𝑂𝐻
                                              (Equation 10) 
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Conclusively, in-situ EE measurements reveals that the thermal treatment induces primarily 

the evaporation of excess of ethanol and water, subsequently densifying the film. This 

densification process is carried on by the UV treatment until the templating agent is being 

progressively eliminated and the porosity is created illustrated by a drop of the refractive 

index of the film and a partial stabilization of the thickness in the in-situ EE results. Ex-situ EE 

measurements carried after the last treatment, washing and drying, confirms the presence of 

pores in the material as suggested by the previous FTIR-ATR spectral study showing the 

elimination of the templating agent. Figure 30 summarizes the evolution of the refractive 

index (@600nm) and thickness after each post-deposition treatment. The porosity represents 

40% of the volume of the film. 

 
Figure 30: Summary of the ex-situ ellipsometric behavior after each stabilization step. The 
refractive index (n at 600 nm; blue curve) and the thickness (T; red curve) of the film are 

presented after each step. 

2.4.2.3. Environmental ellipsometric porosimetry 

Environmental ellipsometric porosimetry (EEP) measurements were carried on a stabilized 

TiO2 film on Si wafer to extract information about the porosity of the film. The refractive index 

and thickness of the film are recorded every 60 seconds as the solvent (iPrOH; niPrOH =1.383) 

partial pressure is varied in the chamber at ambient temperature. The adsorption curve is 

measured from P/P0 = 0 to 1 with an increment of 0.033 succeeded by the recording of the 

desorption from P/P0 =1 to 0. The resultant adsorption-desorption isotherms of n, T, and 

Vads/Vfilm as a function of P/P0 are depicted in figure 31.a, b and c respectively. Adsorption 
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starts at low adsorbate pressure (P/P0 ≤0.4) attributed to the presence of a small amount of 

micropores in the film followed by a marked step around P/P0≈0.6, typical of capillary 

condensation of mesopores filling with solvent (type IV isotherm). The desorption course 

leads to a hysteresis loop of type H2 with two diagonal sloping branches. In parallel, in figure 

31.c, the thickness of the film suddenly drops around P/P0≈0.6-0.7, attributed to capillary 

stress during the desorption course. At low adsorbate pressure until the end of the 

desorption, the film regains its original thickness suggesting a relaxation of the material, 

evidence of structural elasticity. However, the refractive index at the end of the desorption in 

figure 31.a is slightly higher (1.580) than the original refractive index (1.561) implying that the 

desorption is not fully completed since despite a relative long waiting time between each 

point, the equilibrium has not been reached. 

Figure 31: Adsorption-desorption isotherm of a stabilized mesoporous TiO2 film of n (a), T (b) 
and Vads/Vfilm (c) as a function of the vapor solvent pressure (P/P0). The pore size distribution 
(d) is determined for a contact angle of 10° and by considering the pore shape as cylindrical 

as illustrated inset. 

The porosity volume fP was determined, in dry atmosphere, at 42%vol. The pore size 

distribution is calculated with the method described in part 2.2.3.3 or a contact angle of 10° 
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and considering the pore shape as cylindrical. It was determined to 3-4 nm as presented in 

figure 31.d. This is in good agreement with the estimation made previously with the EE In-situ 

measurements with a porosity of 40%vol. Furthermore, it is in agreement for the formation 

of silver nanoparticles in an inorganic titania matrix for their optical properties utilized in the 

litterature59,62,70,94,100.  

The sequence of treatment applied to the film leads to a fairly good mechanical stability since 

the film is mesoporous and remain so even after deformation induce by the capillary stress. 

Moreover, the film is well adapted for optical applications as the surface is fairly smooth. 

Therefore, it is thus ready for silver infiltration in liquid phase.  

2.4.3. Characterization after impregnation 

2.4.3.1. Optical characterization 

Once the mesoporous titania film is prepared, silver is introduced in the matrix by liquid 

impregnation. The detailed process is given in part 2.3.4. In summary, dried TiO2 films are 

soaked in an ammoniacal silver solution ([Ag(NH3)2]+) for an hour, washed with water and 

dried. Silver ions (Ag+) are then reduced into Ag0, forming silver nanoparticles (AgNPs) by 

optical reduction. The optical evolution of the film is characterized by UV-Vis spectroscopy in 

the visible range (350-750 nm) as presented in figure 32.a. After impregnation (green curve), 

silver is primarily in its ionic form but the overall transmission of the sample decreases due 

the presence of a limited number of nanoparticles absorbing in the visible range. After 

reduction (blue curve), the transmission drops considerably due to the formation of a large 

variety of AgNPs. The sample obtained has a brownish color as illustrated in figure 32.b, 

typical of a TiO2 film with embedded silver nanoparticles.   
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Figure 32: UV-Visible transmission spectrum (a) of a virgin PC substrate (black), a 

mesoporous TiO2 film on PC (red) which was then impregnated with silver ions (green) and 
reduced by UV exposure (blue). The PC:TiO2 sample is initially transparent (b) and gains a 

brownish color after the impregnation of silver salts and their reduction to silver 
nanoparticles.   

2.4.3.2. Surface characterization 

The surface of TiO2 films before (PC:TiO2) and after silver impregnation (PC:TiO2:Ag) was 

characterized by AFM method presented in figure 33.a and b respectively. A 10x10µm area 

of each film was scanned to plot the 3D micrograph showcasing elevation variations in the 

range of tens of nanometers. The mean roughness Sa was determined to 4.1 nm for PC:TiO2 

and 4.9 nm for PC:TiO2:Ag, similarly observed for the PC substrate alone (Sa= 5.6 nm). 

 
Figure 33: 3D AFM 10µmx10µm micrographs of the surface of (a) a stabilized TiO2 film 

deposited on polycarbonate and (b) after silver impregnation and reduction. 
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PC:TiO2:Ag samples present good optical and mechanical properties, thus ready for 

lamination. 

2.5. Preparation of TiO2:Ag PC cards 

Manufacturing ID cards have to follow very specific characteristics in order to be recognized 

as such for international interchange. These specifications are compiled in the standard 

ISO/IEC 7810:2019 that includes the card materials, constructions, characteristics and 

physical dimensions. Polyvinyl chloride (PVC), polyethylene terephthalate (PET) and PC are 

common materials used to produce ID cards. Four different card sizes are described in the 

standard: ID-1 (85.6x53.98mm), ID-2 (105x74mm), ID-3 (125x88mm) and ID-000 (25x15mm) 

with all of them having a thickness between 0.68 mm and 0.84 mm. ID-1 are the most 

commonly used as payment cards, driver licenses or personal identity cards across numerous 

countries. ID-2 format is an “old” and larger format used mainly for visas and identity cards. 

In the past years they have being replaced by ID-1 cards, for example since August 2021 the 

French ID cards are issued in the ID-1 format. The ID-3 size is mainly used for passport booklets 

and the ID-000 for SIM cards (subscriber identity modules). Each format has to pass 

standardized tests to evaluate namely their resistance to bending, chemicals, temperature 

and humidity in order to be recognized as ID cards. 

In the scope of the project we focused on the production of color images for ID-1 personal 

identity documents. In the following section the lamination process is described to produce 

ID-1 PC cards while including the laser-engravable films. 

2.5.1. Lamination technique used for ID-1 PC cards 

PC ID cards are made by laminating together stacks of thin PC sheets with different properties 

and thicknesses. This process involves different heat and pressure steps in order to merge 

homogeneously the different sheets. It’s a delicate process that requires experimental 

knowledge to define both the card configuration and lamination conditions (depending on 

the equipment) to avoid potential flaws such as warping, bubbling, delamination or crushing 

the sample. 

The designed card configuration is illustrated in figure 34.a containing 8 A4 PC sheets (800 µm 

thick stack) with different properties and thicknesses: 100 µm thick clear non laserable PC 

sheets with or without artwork (C, NL); 100 µm thick clear laserable PC sheets (C, L) and 100 
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µm thick white PC sheets (W), all provided by Exim. A 2x2cm clear window was cut off the 

white sheets where the sample is placed. The samples are originally 4x4cm squares but were 

cut in 4 equal squares of 2x2cm to maximize the card sampling. Once the stacks are prepared 

they are carefully placed between two lamination plates and introduced in the press. To 

produce the PC cards a BGi167 laminator press (A4 format) from BG INGENIERIE is used 

following the lamination recipe presented in the table of figure 34.b. The recipe follows a 6-

step process with each step configured with a defined temperature (T in °C), pressure (P in 

N.cm-2) and time (t in seconds). After the lamination process, the cards are removed from the 

press and plotted as ID-1 cards (85.6x53.98mm) as seen in figure 34.c. For future reference, 

cards containing TiO2 films are referenced as “TiO2:Ag PC card”. 

 
Figure 34: (a) Sketch of the card configuration with a stack of 8 PC sheets for sample 

lamination, (b) lamination program with 6 steps with varied temperatures, pressures and 
times. (c) Image taken with a camera phone of the “frontside” of a laminated card 

containing a 2x2cm sample. 

2.6. TiO2:Ag PC cards characterization 

After reduction of AgNPs, PC:TiO2:Ag samples are laminated inside a card for laser inscription. 

Details on the lamination process are given in part 3.2.6 to prepare “PC TiO2:Ag cards”. After 

lamination, the state of the film was observed by optical microscopy as depicted in figure 35.a 
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showcasing slight cracking of the film. This is due to the high pressure exercised during the 

lamination process. Additionally, the transmission spectral behavior of the sample was 

recorded in the visible range and compared to a non-laminated sample (PC:TiO2:Ag) as 

illustrated in figure 35.b. Despite having more or less a 600 µm layer of PC in the PC TiO2:Ag 

card and being submitted to a lamination process, the transmission behavior remains the 

same between 550 and 750 nm compared to the non-laminated sample. However, in the 350-

550 nm region a blue-shifted decrease in transmission is observed peaking at 430 nm 

suggesting the formation of small nanoparticles. This is likely due to the thermal treatment 

endured during the lamination process as temperature reaches 185°C. To verify this, the 

sample was characterized by STEM imaging of the film’s cross section as presented in figure 

35.c were it is observed spherical-like silver nanoparticles with 5 to 20 nm in diameter. 

Moreover, the lamination induced as well the contraction of the system with a thickness of 

55±5nm compared to the original thickness of 95±5 nm before lamination.  

 

Figure 35: (a) Optical microscope image of a PC TiO2 :Ag card after lamination presenting 
slight cracking. (b) UV-Vis spectral curves of the sample before (in blue) and after lamination 

(in orange). (c) STEM image of the cross section of PC TiO2:Ag card depicting small AgNPs 
with diameter ranging from 5 to 20 nm in the titania matrix. 
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The lamination process leads to significant changes in the material as it shrinks to roughly 

75±5 nm and induces cracking of the film. In parallel, small silver nanoparticles are formed (5-

20 nm in diameter) according to the UV-Vis spectroscopy and STEM characterization. The 

samples are therefore available for laser processing. 

2.7. Preparation of PC:SiO2:TiO2:Ag non-laminated samples 

2.7.1. Sol synthesis and preparation of a dense SiO2 protective layer 

Silica coatings are known to be resistant to high temperatures due to their low thermal 

conductivity116 and have been used to enhance the binding between polymer substrates and 

inorganic layers117. Therefore, an intermediate dense SiO2 layer was prepared to protect the 

substrate from thermal effects due to laser processing of the TiO2: Ag film and produce 

PC:SiO2:TiO2:Ag samples. For clarity’s sake, these samples are not included in a PC card and 

laser processed directly, hence non-laminated samples. 

2.7.1.1. Chemicals 

The sol preparation follows the synthesis process described elsewhere with some 

modifications118; instead of ethanol as the main solvent, isopropanol was used as it improved 

the adherence of the sol to the surface of the PC substrate. Additionally, the silica precursors 

are a 50/50 mix instead of 40/60 of tetraethyl orthosilicate (TEOS; ≥99%) and 

trietoxymethylsilane (MTEOS; ≥99%). Both precursors were purchased from Sigma-Aldrich, 

isopropanol (iPrOH) was bought from Fisher Scientific and glacial acetic acid (CH3COOH) from 

Sigma-Aldrich is used as a catalyser diluted in DI water. 

2.7.1.2. SiO2 sol synthesis and film deposition 

To prepare the SiO2 sol the different molar ratios of TEOS:MTEOS:IPrOH:CH3COOH:H2O were 

defined to 1:1.5:47:0.3:4.6 respectively. In a flask, 2.9 g of TEOS are mixed with 3.8 g of MTEOS 

in 39.9 g of isopropanol. After the solution is stirred for 30 minutes, 1.2 g of 0.1 M acetic acid 

are then added dropwise. The 0.1M solution is prepared by diluting the glacial acetic acid 

(17.47 mol.L-1) in DI water.  Finally, the flask containing the sol is placed in a water bath at a 

constant temperature of 40 °C and stirred for 2 hours before any deposition.  

The film deposition follows the method described in part 2.3.3 where the sol is filtered in 

usual conditions and deposited on a PC substrate and spin coated at 2000 RPM for 60 seconds 
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in ambient conditions. After deposition the opposite side of the substrate is cleaned off sol 

excess and is placed in a stove at 130 °C for stabilization for 2 hours. Mesoporous titania thin 

films are then deposited following the procedure as described in 2.3.3 and impregnated with 

silver to obtain PC:SiO2:TiO2:Ag samples.  

2.8. PC:SiO2:TiO2:Ag samples characterization  

Due to the complexity of the system (anisotropy PC substrate and stacking layers), in-situ 

ellipsometry characterization was not possible to perform during the stabilization process. 

However, a single measurement was made after stabilization in dried conditions (P/P0=0), 

revealing the thickness of the silica layer at 255±5 nm with a refractive index of 1.51 at λ=600 

nm (Cauchy law with A=1.468; B = 0.0152) and the top TiO2 layer presenting a thickness of 

91±5 nm and the refractive index (@600nm) to 1.58 (Cauchy law with A=1.515; B = 0.02379). 

The latter is in agreement to the properties of mesoporous TiO2 film investigated in part 2.4.2. 

Its optical behavior was investigated by UV-Vis spectroscopy. Figure 36 displays the 

transmission measurements performed on PC:SiO2 (red curve) and PC:SiO2:TiO2 (green curve) 

systems in the visible range. Less than 5% of the transmission is lost when a silica layer is 

implemented similar to what is observed in a “PC:TiO2” system in figure 32.a, thus the optical 

transparency of the sample is well kept. Furthermore, the sample was soaked with silver salts 

by liquid impregnation and nanoparticles were produced by exposing the sample to UV(254 

nm) for an hour. The sample obtained PC:SiO2:TiO2:Ag (blue curve) presents similar optical 

behavior as PC:TiO2:Ag (blue dotted curve) in the visible range. The sample is ready to be laser 

processed.  

 
Figure 36: UV-Visible transmission spectrum of a virgin PC substrate (black curve) and with a 
silica film deposited at the surface of the PC (red curve) depicting high transparency. On top 

of the silica film a mesoporous TiO2 was deposited (green curve) which was then 
impregnated with silver (green) and reduced by UV exposure (blue). 
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2.9. Conclusion 

In this chapter, it was presented the development of TiO2:Ag films on polycarbonate supports 

by sol-gel methods. First, the plastic substrates resistance to different treatments were 

studied, namely the O2 plasma, thermal and UV treatment, to be able to identify the optimal 

working conditions for them. It was determined that a 2-minute oxygen plasma process of 

the surface changes the surface properties as the roughness decreased, going from mean 

roughness (Sa) of 11.25 nm to 5.59 nm. Moreover, the surface becomes hydrophilic as the 

contact angle of DI water droplets significantly decreases after the treatment due to the 

presence of -OH groups. Consequently, the adherence of the sol-gel films is heavily improved 

because they are crack-free. 

Regarding the preparation of mesoporous TiO2 films, a titanium-based sol was deposited at 

the surface of PC. A 2-hour thermal treatment at 130°C was performed to densify the film due 

to evaporation of the solvents as depicted by the in-situ EE measurements without damaging 

the substrate. This is followed by a 2-hour UV (254 nm) treatment to polymerize the titanium 

into TiO2 as Ti/Acac complexes are progressively eliminated. In parallel, the templating agents 

are eliminated. A final solvent extraction is performed in ethanol that allows to eliminate the 

residual organic parts and create the porosity as evidenced by the ex-situ EE and EEP 

measurements.  

The samples are then soaked in ammoniacal silver solution to fill the pores with mainly Ag+ 

but also Ag0and AgNPs. A 1-hour exposure to UV (254 nm) allows the reduction of Ag+ to Ag0 

and form ultimately AgNPs. The prepared PC:TiO2:Ag samples are then included in a PC card 

by means of a lamination process. This results in a slight cracking of the TiO2:Ag film as 

observed in the optical microscope images of the sample. Moreover, a shrinkage of the 

material is highlighted, going from 90±5 nm thick film to 55±5 nm evidenced by the TEM 

images of the sample cross-section. This is due to the pressure and temperature applied to 

the sample during the lamination process. Despite this significant change, the overall 

absorption in the visible range remains similar compare to non-laminated samples, thus ready 

for laser processing. 

Lastly, for processing experiments on non-laminated samples an intermediate silica layer was 

implemented to protect the PC from damaging due to heat accumulation induced by the 
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irradiation as silica presents low thermal conductivity. A MTEOS/TEOS sol was formulated and 

deposited on top of a PC substrate and stabilized with a thermal treatment to produce a 

255±5 nm dense thick silica layer. On top of this film, a mesoporous TiO2 film is prepared and 

impregnated with silver NPs depicting similar optical behavior than PC:TiO2:Ag samples.  

In the following chapter, the laser processing of TiO2:Ag PC cards and PC:SiO2:TiO2:Ag samples 

is investigated.  
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CHAPTER 3: LASER-INDUCED COLOR PRODUCTION  

As described in Chapter 1, exciting plasmonic systems by laser processing can lead to strong 

localized heat deposition. This can be problematic for polymer-based samples such as 

polycarbonate (Tfusion,PC= 140°C) as they can be easily burned when laser processed. Taking 

this into account the first task is to establish the best conditions of laser processing within the 

sample’s limitations. To date there are no models that are able to predict the physical or 

optical properties of laser-induced nanostructures on such substrates due to their complexity. 

To overcome this limitation an empirical approach is followed, inspired by the recent work of 

other colleagues, namely Nicolas Dalloz105, Van Doan Le and Robin Mermillod-Blondin 

(unpublished results) who developed several tools to be able to produce nanostructures, 

extract their color values and utilized them for high quality image printing. For this, TiO2:Ag 

PC cards are first investigated to produce well-controlled colors for full-color image printing. 

Then, the collected experimental knowledge is then translated to non-laminated 

PC:SiO2:TiO2:Ag samples. Finally, demonstrators are printed to highlight their potential for 

high-quality and secure image printing.  

3.1. Laser setup and color characterization 

3.1.1. Laser setup 

 
Figure 37 : Schematic representation of the nanosecond laser setup. 

The laser setup is composed of an industrial fibered laser (IPG Photonics) with a wavelength 

of 532 nm and pulse duration of 1.3 ns; a Brewster angle polarizer paired with a half-wave 

plate for polarization rotation and finally a galvanometric mirror scan head from Sunny 

Technology as depicted in figure 37. The latter consists of two galvanometric mirrors which 

can rotate in order to control the beam angle in both horizontal and vertical directions. To 

focus the laser beam in the sample a 16cm F-Theta lens converts the angle given by the 
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mirrors into a displacement on the sample located in the image focal planes of the lens. The 

radius of the spot at the focal plane (named “f0”) was determined by image profiling using a 

CMOS camera from Thorlabs, where the smallest circular-like spot is observed in Annex 2.a. 

The vertical optical intensity profile passing through the middle of the spot was plotted and 

fitted to a Gaussian model (𝑰(𝒓) = 𝑰𝟎 ∙ 𝒆
−𝟐𝒓

𝒓
𝟏 𝒆𝟐⁄

⁄
) . The beam radius where the optical 

intensity drops to 1/e2 of the maximum intensity value was determined to 𝑟1/𝑒2  = 13.74 µm.  

3.1.1.1. Working focal plane 

Laser processing at the focal plane f0 induces severe damage on the samples due to 

overwhelming heat accumulation as the samples are either burned or bubbles were created 

inside the PC cards even when working in the lowest power range of the laser (figure 38). 

Therefore, to avoid this, samples were placed 2 mm after the focal plane f0 relative to the 

scanner head and named “f2” plane. The spot size was imaged at this position as displayed 

inset in Annex 2.b where an elliptical spot size is obtained due to the astigmatism of the laser 

beam. Therefore, both vertical and horizontal intensity profiles passing through the middle of 

the spot were plotted and fitted separately to a Gaussian profile following the same model 

presented previously. The horizontal, 𝑟ℎ,1/𝑒2, and vertical, 𝑟𝑣,1/𝑒2, radii were determined 

respectively to 26.2 µm and 34.5 µm. This allows to increase the beam size, thus reducing the 

fluence (energy deposited per area; mJ.cm-2) of the laser inscription. 

 
Figure 38: Image taken by a phone camera of laser inscriptions made at the focal plane f0 on 

a TiO2 :Ag PC card presenting bubbles due to intense irradiation. 

3.1.2. Laser processing parameters 

The laser and scanner head are controlled by the software CS Mark. The laser movements 

follow a virtual vector drawing interface that defines the path of the laser beam to draw dots, 
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lines and any kind of geometric object. Each object is assigned to different laser parameters 

namely the repetition rate (kHz), laser power (written in % of the maximum laser power and 

converted in fluence, mJ.cm-2, in the manuscript using the formula in Annex 3). In the case of 

“dots”, the laser is turned on statically for a given exposure time (in µs). For lines, the laser is 

continuously scanned along a line at a given speed (in mm.s-1). These parameters are defined 

by the user and during marking they are automatically changed by the software. In addition, 

the laser polarization can be tuned manually with the half-wave plate and was kept at 0° 

(horizontal plane) across every inscription in this work.  

Laser processing on plastic supports is delicate due to the thermal heating induced by the Ag 

nanoparticle absorption that can burn the plastic. The laser repetition and power must be 

limited to a maximum value and very low scanning speeds are prohibited. The parameters 

used to create the database are presented in the following table, leading to 480 different 

combinations of laser parameters: 

Table 3: Database laser parameters 

Repetition rate 
(kHz) 

Laser power 
 (%)                         (mW) 

Fluence 
(mJ/cm2) 

Scan speeds 
(mm/s) 

10 6 18 33.3 30 

20 8 20.4 37.9 40 

40 10 23.8 41.9 50 

50 12 25.3 45.8 60 

 14 28.5 50.1 80 

 16 33.4 55.3 100 

 18 36.5 60.1 150 

 20 38.2 64.2 600 

 22 43.5 71.9 700 

 25 45.2 77.5 800 

    1000 

    1500 

 

3.2. Investigation of nanostructures by TEM 

As described in the literature, laser processing TiO2:Ag films induces different modifications 

of the film. However, investigating them when the material is embedded in a plastic card is a 

difficult task as the surface is not available for observation due to the presence of a thick PC 

layer on top of it. This makes it impossible to observe the plain view of the sample without 
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completely destroying it. Nevertheless, the cross-section can be observed by TEM by 

preparing the sample by ultramicrotomy as described in part 2.1.2.3. The untreated sample 

is presented in figure 39.a whereas two laser conditions were investigated, one at 10 kHz and 

another at 40 kHz, in figures 39.b and 39.c respectively. For each sample, a chemical mapping 

was performed to identify the silver (green), titanium (blue) and oxygen (red) atoms present 

in the film. Initially the diameters of the nanoparticles vary between 5 to 20±2 nm (figure 

39.a). After laser processing at 10 kHz (figure 39.b), nanoparticles grow as large spherical ones 

are formed with a diameter comprised between 20 to 45±2 nm embedded in the material. 

Furthermore, nanoparticles grow even more when laser processed at 40 kHz (figure 39.c) as 

larger spheroidal nanoparticles are formed with a diameter comprised between 40 and 

70±2nm. They are located preferentially at the surface of the titania film rather than 

embedded. However, it is difficult to assess if they migrate to the “top” (irradiation side) or 

the “bottom” of the film as polycarbonate is present on both sides.  

 
Figure 39: (a) Cross-section TEM images of the untreated TiO2:Ag film embedded in a PC card 
and the film laser-processed at 10 kHz (b) and at 40 kHz (3) with a laser power 28.5 mW and 
scanning speed of 50 mm.s-1. For each condition, the chemical mapping is illustrated on the 
right side where silver (green), titanium (blue) and oxygen (red) are highlighted. The scale 

bar represents 200 nm for every chemical mapped image. 
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3.2.1. Color measurements 

3.2.1.1.  Camera setup and observation modes 

Four different observation modes with non-polarized light have been considered for this 

study: “frontside reflection” (FR), “backside reflection” (BR), “transmission” (T) and 

“diffraction” (Diff). The color measurement setup is presented in Figure 40 where images are 

taken using an RGB camera (Basler ac2500-14gc), two 15 cm wide LED light sources placed 

accordingly for “reflection” and “transmission” measurements of a given sample. The latter 

can rotate around a perpendicular axis to the incidence plane allowing to freely vary the 

observation angles. For both transmission and reflection measurements, the incidence angle 

of the sample is 0° and 15°, respectively.  For diffraction measurements, the -1st diffraction 

order was observed using the same camera and source configuration as for the reflection 

mode but the incidence angle was set at 55°. 

 
Figure 40: Sketch and picture of the image acquisition setup. 

3.2.1.2. Image normalization 

To overcome the lightness homogeneity on the camera field of view, the images are 

normalized by dividing them with an image of the light source taken without the sample. This 

step is done for every image in “transmission” and “reflection” modes taken with this camera 

setup before extraction. An example is given with a transmission image of a laser processed 

database, figure 41.a, is normalized. The lightness inhomogeneity is corrected as illustrate in 

figure 41.b.  
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Figure 41: (a) Image of a sample taken with the same setup in “transmission” mode 

depicting lightness decay from the center to the borders. (4) Normalized image of the 
sample, correcting the lightness decay of the lens. 

3.2.2. Design of laser processed elements for image printing 

3.2.2.1. Introduction 

To be able to print an image each pixel is assigned a vectorized element (series of lines or dot) 

which controls the laser path used to print it. The pixel color depends on the laser parameters, 

but also on the design of the vectorized element and the size of the printed pixel. The 

numerical methodology and the software used to control the laser process was elaborated 

by Nicolas Dalloz during his PhD work105. Each pixel is a “square” made of parallel laser lines 

separated by an interline spacing distance (dy) which fill the vectorized area. The lines can be 

drawn in the same direction or following a serpentine direction, illustrated in figure 42.a, and 

are all inclined at a certain angle relative to the pixel position, for example at 0° or at 45° as 

depicted in figure 42.b.  
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Figure 42: (a) Illustration of horizontal laser lines and serpentine laser lines in a square with 
an arbitrary interline distance dy. (b) Illustration of squares filled with lines at 0° relative to 

the square edge (top) or at 45° (bottom). (c) Image taken with a camera setup of 
500x500µm2 squares filled with pixels of different sizes (10 to 200µm) and different interline 
distances (1 to 40µm). In the top image squares are written at 0° while in the bottom image 

the inscriptions are made with 45° lines. The scale bar is 500µm.  

A study was carried on the influence of using either 0° and 45° lines on the color production 

with different pixel sizes and interline distances. In figure 42.c, an image was taken of squares 

inscribed at the focal plane f0 on TiO2:Ag films deposited on glass. Each square is filled with 

either 0° or 45 ° parallel laser lines with juxtaposed pixels having sizes (10 to 200 µm) and 

different dy values (1 to 40 µm). It is observed that with 0° laser lines some color discrepancies 

can be observed, particularly for 100 and 200 µm square size with 20, 30 and 40 µm dy values. 

This is due the spacing of the horizontal lines being disproportional to the pixel size and 

leaving unmarked areas. However, in the case of 45° lines every square presents uniform color 

as the inscription is done homogenously and do not leave unmarked areas. Based on these 

results, laser lines with a 45° hatching orientation appear to be the best candidates for 

homogeneous color production and image printing. 

3.2.2.2. Defining pixel size and interline distance (dy) 

In the Cs Mark software, a line defines the movement of the laser line distance but does not 

represent the real width of the inscribed line. In fact, the laser width at 1/e2 is significantly 

higher than the vectorized line and will vary depending on the laser conditions. To illustrate 

this, lines were inscribed at the plane f2 with different powers and scanning speeds. The 

repetition rate was set at 40 kHz, the laser powers at 18; 33.4 and 45.2 mW, and the scanning 
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speeds at 30, 500 and 1500 mm.s-1. After inscription, optical microscope images were taken 

of the different lines depicted in figure 43. 

First, it can be observed that increasing the laser power increases the width of the inscribed 

line. This is logical as higher power means higher fluence, thus more energy is adsorbed by 

the silver NPs which is then dissipated in the surrounding area. The width variations are more 

noticeable with lower scanning speed (30 mm.s-1) as the line width for powers of 18, 33.4 and 

45.2 mW increase respectively to 25, 30 and 46.5 µm. For intermediate scanning speed (500 

mm.s-1) this effect is less noticeable as the line width is comprised between 22 and 28 µm and 

the uniformity of the laser lines is hindered. This effect is more visible with laser inscriptions 

at high scanning speed (1500 mm.s-1) where dots are observed instead of a continuous laser 

line. This can be explained by the high scanning speed that translates to a low effective 

number of pulses of 1.6 per spot diameter (formula annex 3) that is not sufficient to create a 

homogenous modification of the material even with high power.  

Figure 43: Microscope images of laser lines inscribed in a TiO2:Ag PC card with different laser 
conditions. The repetition rate was fixed at 40 kHz, the power varied to 18,33.4 and 45.2 

mW, and the scanning speed varied to 30, 500 and 1500 mm.s-1. The scale bar is 100 µm for 
every image.   

This study shows that varying the laser conditions influences heavily on the shape of the 

printed laser line. However, as presented in figure 38, pixels are printed by filling the area 

with several parallel lines separated by a fixed interline distance. These squares are usually in 

the range of 25 to 80 µm, depending on the desired size and resolution of the printed image. 

It is therefore interesting to investigate the formation of pixels with different sizes and 

interline distance values.  

For this several pixels were printed using four different pixel sizes, 25, 35, 50 and 65 µm, and 

four different dy values of 5, 10, 20 30 µm as illustrated in figure 44.a. Each pixel was printed 
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on a TiO2:Ag PC card by keeping the power and scanning speed constant at respectively 33.4 

mW and 500 mm.s-1, however the repetition rate was varied to 10, 30 and 50 kHz to have an 

overview of the pixels in different laser processing conditions. After laser marking, they were 

observed under the microscope as presented in figure 44.b for each repetition rate. The real 

dimensions, i.e. height and length (µm), were measured for each pixel and summarized in 

Annex 4.  

As a general observation, the real pixel size is between 1.5 and 1.8 times bigger than the 

intended size independently of the laser conditions. This can be explained by the laser lines 

at the borders of the pixels, having a beam radius of 𝑟ℎ,1/𝑒2, and vertical, 𝑟𝑣,1/𝑒2 at respectively 

26.2 µm and 34.5 µm at the f2 plane, inducing the “oversizing” of the pixels in both vertical 

and horizontal directions. Moreover, pixels with dy values of 20 or 30µm present unmarked 

areas within the square independently of the repetition rate, while for 5 and 10 µm dy values, 

the pixels are fairly homogeneous. The latter is attributed to the significant line overlapping 

occurring within each pixel that is responsible on producing a uniform nanostructure 

independently of the intended pixel size. This is not the case for pixels with dy values of 20 or 

30 µm as single lines are detected. 

 
Figure 44: (a) Design of pixels with different sizes (25-65 µm) and different dy values (5-

30µm). These pixels were printed in a PC:TiO2:Ag card at three different repetition rates (10, 
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30 and 50 kHz) and (b) observed under the microscope. The scale bar is 200 µm for the three 
images. 

Conclusively, pixel structures using low high interlines values lead to uniform marking and are 

suitable for image printing due to consistent line overlapping. However, the oversizing of the 

pixels remains an issue as it is intended to juxtapose pixels to produce images. This issue is 

tackled in the following section. To simplify the task, among the different pixel designs 

presented in figure 44.a, a pixel size of 50 µm and interline distance value of 10 µm will be 

the only pixel configuration utilized from now on in this manuscript. 

3.2.2.3. Pixel juxtaposition 

As previously stated the pixels are oversized 1.5 to 1.8 bigger than the intended size. This 

means that in the case where juxtaposing pixels it could lead to overlapping pixels. An 

example of this phenomenon is depicted in figure 45.a where 50x50 µm2 binary pixels are 

juxtaposed, creating a 400x400 µm2 square of 8x8 pixels, displayed in the laser software 

interface. Each pixel contains 45° serpentine lines with a dy of 10 µm. Two sets of laser 

conditions were used, on one hand the parameters for pixels highlighted in “back” are 45.2 

mW power and 30 mm.s-1 speed while “pink” pixels were inscribed with the same scanning 

speed but with a lower power of 33.4 mW. The inscription is then observed under the 

microscope where “black” pixels overlap completely the “pink” pixels as their real size is well 

above 50 µm to an average of 80 µm due to a significantly larger processed area. To answer 

to this problem an additional parameter is introduced, the pixel “margin” noted m, that allows 

to separate the juxtaposed pixels by a fixed distance and reduce their size in the software 

interface. An example is given in figure 45.b where “50x50 µm2” pixels are separated by a 

margin of 15 µm. This results in the shrinking of the pixels to a size of 35 µm in the software 

interface and are thus separated by a distance of 15µm. This way the oversizing of the pixels 

can be diminished. “Black” and “pink” pixels are inscribed in these conditions using the same 

laser parameters as before. The inscription is observed in the microscope in figure 45.b 

revealing the real size of the inscribed pixels to an average of 50 µm and without presenting 

overlapping. This margin is therefore necessary to juxtapose pixels and diminish laser 

processing errors. 
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Figure 45: (a) A 400x400 µm2 square containing 8x8 50µm2 binary pixels is inscribed in a 

TiO2:Ag PC card and observed under the microscope depicting severe pixel overlapping. (b) 
Introducing a margin of 15 µm between the pixels and reducing their size to 35 µm results in 

a homogenous inscription as no overlapping was observed. The scale bar of the images is 
100 µm. 

3.2.2.4. Image processing for color extraction 

To anticipate the fact that images will be printed pixel by pixel, and in order to estimate the 

color gamut that can be printed by the ns laser on the samples elaborated in this thesis, a 

color database is created in the form of squares where each square is made of 7x7 pixels with 

the laser parameters given in Table 3 (part 3.1.2). The printed database in the TiO2:Ag PC card 

is displayed in figure 46.a, the image was taken with a smartphone camera. For the color 

extraction, the matrices are imaged by the setup depicted above and normalized. The average 

sRGB values of each square, as presented in figure 46.b and c, is extracted and saved in a 

database with the corresponding laser parameters. The sRGB values extracted are then 

transformed into CIE 1976 L*a*b* coordinates. The CIE 1976 L*a*b* color space is a well-known 

color appearance model, used noticeably in the printing industry, where color values are 

compared by following a chromatic adaptation regarding the white point coordinates. For 

each mode, the white point is chosen among the database. The computational part of this 

chromatic adaptation is described by Nicolas D. in his thesis19. 
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Figure 46: (a) Picture by a phone camera of the database consisting of 480 squares as 

highlighted in red. The image processing method for color extraction is presented. First, an 
image is taken of the database with the camera setup, normalized and the colors are 

averaged at the center of each square as delimited by the red square. The extracted sRGB 
values (c) are transformed to CIE XYZ values and then converted to CIE L*a*b* coordinates. 

3.2.2.5. Defects that alter the color extraction 

Very often the samples can present defects that can distort the colors extracted from a square 

and then be at the origin of a false primary. Figure 47 depicts several examples of common 

artefacts and their influence on the color extraction on 6 different squares. The first type of 

artefact is depicted in square (1) where a black spot darkens the real color orange to brown. 

Another artefact is depicted in squares (2) and (5) where the presence of threads can also 

darken the real color. The last defects observed are cracks in the film as depicted in squares 

(4), (5) and (6) that do not darken the averaging area but can bleach them, misrepresenting 

the real luminance of the color.  

These defects certainly appear during the material preparation or the lamination process as 

they are not performed under well-controlled environments. For instance, the samples before 

lamination are subjected to different stabilization steps that require manual handling to be 

able to elaborate the film TiO2:Ag, thus can be scratched in the process. Moreover, the 

samples are prepared in a chemical laboratory where a dust-free environment is not 

guaranteed, making them prone to have impurities in the film. This is also the case for the 
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lamination process which is done in an uncontrolled environment and can collect impurites 

in the process. All of these issues can be certainly diminished if they were prepared in a clean 

room where the temperature, humidity and dust-free conditions can be well-controlled for 

both the material and lamination preparation. Unfortunately, such process is not yet 

developed therefore to avoid distortions of the color extraction of each square, they were 

manually scrutinized. If the color averaging area for a square contained artefacts they were 

excluded from the color selection.  

Figure 47: 6 nanostructures are printed on a PC TiO2:Ag card (a) presenting several artefacts, 
such as threads, black spots, holes and lamination artwork. The color averaging for each 

nanostructure is highlighted in a red square (b). In some cases, the presence of artefacts can 
hinder the color extraction, resulting in erroneous color values (c).    

3.2.2.6. Color gamuts 

To be able to easily visualize the colors of the database, the corresponding color gamut can 

be illustrated in a 2D projection. An example is given in figure 48 depicting the colors of the 

database recorded in “transmission” observation mode. The extracted color values converted 

into CIE L*a*b* color values are displayed in the a*b* plane and L*C* plane. Each colored dot 

represents the color of a unique square. The a*b* color gamut represents the color values 

(chromaticity) of each nanostructure by neglecting their luminance L* which allows to 

observe the range of the attainable colors by laser processing. The L*C* color gamut 

represents the luminance L* as function of the chroma C* (𝐶∗ = √𝑎∗2  +  𝑏∗2) that grants 

information about the lightness and color saturation of each nanostructure, essential to 

determine the laser-printed colors that will be considered as the “white” and “black” colors 

of the database when gamut mapping will be implemented to print any kind of image with a 

realistic rendering.  
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Figure 48: 2D projections of the colors of the database recorded in transmission mode. The 
colors are illustrated in the a*b* plane with the dashed black line depicting the convex hull 
of the points, representing the attainable colors, and in the L*C* plane. Each colored point 

represents the color of a square. 

3.2.3. Color workflow for image printing 

This part describes the workflow elaborated by Nicolas Dalloz and further improved by Van 

Doan Le, which has been applied in this thesis. It consist in finding the best “white” and 

“black” color among the printed color gamut, map the gamut of any original image to the one 

that can be printed by laser in order to provide a final color rendering that approaches at best 

the one of the original image, extract a limited selection of colors named “primaries”, and 

implement half-toning to convert the mapped image into an image printed with only the laser 

printed primaries. The motivation for such an image processing comes from the fact that the 

volume of the color gamut of original images is substantially larger than the one of the 

database. Therefore, each original color has to be transformed to be able to enter in the 

gamut to the database. This algorithmic transformation is called gamut mapping. The color 

spaces utilized are described in Annex 5. 

Chromatic adaptation 

Once the white and black points are selected among the clusters, the whole printed database 

gamut is distorted in order to align the grey line between the black and white colors to the 

zero chroma axis (figure 49.a). 

The distorted database gamut is cut into sub-volumes in which the colorimetric distance 

between any two colors is lower than the minimum perceptible color difference (or a value 

fixed by the user when the latter wants to reduce the number of primaries to fasten the 
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printing). A single color per sub-volume is selected to define the primaries color set. The 

volume in the CIE 1976 L*a*b* color space of the convex hull containing the primaries is very 

close to the one of the full color database. 

Gamut mapping 

First, the lightness of the original gamut is compressed to fit with the maximum lightness 

variations of the printed gamut defined by the white and black colors (Figure 49.b).  

Second, the primaries gamut is densified virtually by calculating a large number of halftones 

in order to get a quasi-continuous gamut. This step, is a transient step required only to 

numerically implement the next one. These virtual halftones will not be considered when 

implementing laser printing. 

Third, the two gamuts (original gamut compressed in lightness and distorted printed gamut) 

are sliced along the lightness axis (Figure 49.c) and, for each slice, the chroma of the original 

gamut compressed in lightness is compressed using a linear homothetic to enter in the 

distorted database gamut (Figure 49.d). Each color of the original image is now associated to 

a color that can be printed by laser (in the distorted gamut).  

Finally, in order to display the mapped image using the color that can be effectively printed, 

the database gamut is distorted back to its original position. 
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Figure 49: (a) Luminance mapping of the input image to the luminance of a database 

projected on the L*a* plane. (b) Alignment of the gray axis of the database to the CIE 1976 
L*a*b* color space. (c) After alignment, the luminance of the gamut is divided in multiple 

sections. For each section, the colors of the input gamut are translated linearly to the 
database (metasurface) gamut as depicted in the L*a’ plane. The same translation is carried 

for the mapping of the chroma (d) in the a’b’ plane. 

Error diffusion dithering for halftoning 

As the mapped colors of the original image do not necessarily correspond exactly to primaries, 

especially when the number of primaries is intentionally reduced, the error diffusion dithering 

technique is used to create halftones and provide a good color rendering. Halftoning is a 

printing technique of continuous color gradients that rely on the spatial averaging properties 

of the human sight where the halftones, for example dots, are small enough that, at a certain 

distance, the patterns patterned areas are interpreted by the eye as smooth tones. This 

optical illusion can be created by either superposition or juxtaposition of the halftones. In this 

our case, the halftoning is produced by juxtaposing laser-processed pixels (primaries) and 

relying on their quantized diffusion error distributed to neighboring pixels. For this a simple 

error diffusion algorithm called Floyd-Steinberg dithering is used to print the images. that this 

algorithm is known to works well for low resolution images and a small number of primaries. 
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Software laser instructions (vectorization) 

Once each pixel of the gamut image is assigned to a laser parameter set by the algorithm, the 

information needs to be readable by the CsMark software. For this a python script was 

developed to first create the “physical” aspect of the pixels (shape, size, pixel distance) of the 

image. Then, the laser parameters for each pixel is attributed while respecting the maximum 

limit of pixels in a single file (100 000) and the number of maximum unique sets of parameters 

(254, which is the maximum number of primaries that can be chosen finally).  

3.2.4. Conclusion 

Figure 50: Schematic representation of the color workflow depicting the 11 distinctive steps 
to produce a printable image from a laser processed database. 

The color printing workflow, which includes the recording of the printed database in one 

mode of observation, is summarized in figure 50. Figure 51.a illustrates an image that can be 

simulated from an original one after gamut mapping when using all virtual halftones (Figure 

51.b), after implementing the error diffusion dithering when using only the primaries selected 

from printing (Figure 50.c), and after vectorization and assignment of a set of laser parameters 

to be able to print with the CSMark software (figure 50.d). 

Figure 51: The color printing workflow is summarized in 4 main steps. a) Extraction of the 
colors of the input image in sRGB color space. b) The image is gamut mapped with the 

attainable colors of the database gamut. c) An error diffusion algoritm is applied using 10 
primaries. d) The resulting image is vectorized in the CSMark sofware. The pixel size is 

50x50µm2 with an interline distance (dy) of 10 µm. 
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3.3. Full-color image printing on PC TiO2:Ag cards 

3.3.1. Selection of the observation mode for color image printing 

In order to define the best observation mode that should be chosen to display the printed 

image, it should be defined a process to assess the quality of the expected printed image in 

the different modes. Different image quality assessment methods have been developed so 

far, which can be classified as subjective or objective. Subjective methods are based on the 

assessment of different criteria by an observer panel whereas objective methods use metrics 

values to classify the images. The metrics that can be found in the literature have been mostly 

defined for printing techniques that provide a color gamut that is not very far from the sRGB 

color gamut and they appeared to be irrelevant for our printing technology. In this part, a 

work is introduced that will be carried out in another PhD study, to identify relevant metrics 

to rank the quality of images simulated in different modes of observation with this laser 

processing technique with some explanations on why this evaluation is only subjective in the 

present work. 

3.3.1.1. Input image database 

 
Figure 52: Input image database composed of 16 distinctive portraits. 

The objective of the project is to develop this laser technology for security applications in ID 

documentation. Therefore, 16 different portraits with different skin tones and hair colors 

were chosen as input images as presented in figure 52. Establishing the input images is 

important as, depending, on the “type” of images such as human/animal portraits, logos or 

landscape images, the selection of the observation mode can change. Indeed, as different 

input images might not require the same color values and the colors of the database can vary 

depending on the observation mode. 
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3.3.1.2. Assessment of the printed image quality 

The software described previously allows to simulate the 16 portraits expected in three 

observation modes, “transmission” (T), “frontside reflection” (FR) and “backside reflection” 

(BR) in figure 53 using 10 primaries from the knowledge of the color database printed in the 

card and recorded in each observation mode. My own perception of these images allows me 

to conclude that the simulated images are more faithful to the original ones in the 

transmission mode and will be used in the following to optimize the printing process. 

However, a discussion rose on the selection process as it is based on personal assessment of 

the image quality and does not follow an objective approach. Therefore, to avoid this a 

process for an automatic selection of the “best” mode is presented by assessing the quality 

of the simulated images. The process involves three criteria, namely the contrast and variety 

of colours recorded for each observation mode that lead to a third one relative to the color 

fidelity to the different images. For each one of them, a metric is defined to compare and 

evaluate the performance of the simulated images for each observation mode. The color 

spaces utilized are described in Annex 5. 
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Figure 53: 16 portraits and their respective simulations are divided in two columns. From left 

to right, for each portrait, the first image is the original one, the second to fourth ones are 
the virtual mapped image after halftoning using 10 primaries for transmission (T), frontside 

reflection (FR) and backside reflection (BR).  
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3.3.1.3. Definition of the metrics 

The criteria used in this process relate to metrics that can be quantified from the knowledge 

of the color gamut. Figure 54 depicts the color gamuts recorded in (a) transmission, (b) 

frontside reflection and (c) backside reflection modes in a 2D representation. For each mode, 

the gamut is projected in the L*C* and a*b* plane that are utilized to define the following 

metrics. 

 
 Figure 54: The database colors detected in “transmission” (a), “frontside reflection” (b) and 

“backside reflection” are illustrated in a 2D representation. On one hand the color’s 
luminance L* is plotted as a function of the chroma (C*). Each colored point represents a 

nanostructure. On the other hand, in the a*b* plane with the dashed black line depicting the 
convex hull of the points, which represents the attainable colors.  

The first metric relates to evaluating the contrast of the images by determining the maximum 

variation of lightness in the image. For this, the lightness distance, named ΔL*, between the 

black and white colors found in the database are visualized in the L*C* projections for each 

mode and is calculated as followed: 

∆𝐿∗ = 𝐿𝑤ℎ𝑖𝑡𝑒 − 𝐿𝑏𝑙𝑎𝑐𝑘                                                 (Equation 11) 

The second criterion is the variety of colors which corresponds to the “gamut volume” metric, 

i.e. to the minimum volume that contains all the data points in the CIE1976, or to the area of 
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the projection of this gamut in the a*b* plane depicted in figure 54. The different metrics 

extracted from the color gamuts are summarized in table 4.  

Table 4: Main features of the color gamut in the CIE1976 L*a*b* color space for the printed 
database observed in three different observation modes. 

However, one has to pay attention to the fact that the database gamuts measured in the 

three modes are not centred on the (a*=0, b*=0) axis and can be localized in a part of the 

a*b* plane. It means that the number of hues can be limited and this can be a problem when 

assessing the color fidelity. Thus, one must also consider a metric related to the diversity of 

colors and their proximity to the colors present in the original image. This leads to the third 

and final metric called “density difference” to characterize this property. All numerical tools 

used for this have been elaborated by a master 1 student, Aldi Wista Fadhilah. 

To evaluate it, the distorted gamuts measured for (a) each observation mode and (b) the 16 

portraits are calculated after selecting the white and black colors of the gamut and shifting 

them to (a*=0, b*=0) axis as presented in figure 54. The (a*, b*) plane is then divided in 36 

sectors (pie portion) of 10° each and we define a normalized density 𝑛𝐷𝑒𝑛𝑠𝑖𝑡𝑦  of color points 

per sector using the following formula: 

𝑛𝐷𝑒𝑛𝑠𝑖𝑡𝑦
𝑠 =

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑜𝑖𝑛𝑡𝑠 𝑖𝑛 𝑎 𝑠𝑒𝑐𝑡𝑜𝑟 𝑠

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑟𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
                         (Equation 12) 

The measured 𝑛𝐷𝑒𝑛𝑠𝑖𝑡𝑦 of the 16 portraits are given in Annex 6 for each sector, while the 

values extracted for each observation mode are summarized below in table 5. 

Observation mode Transmission 
Frontside 
reflection 

Backside 
reflection 

ΔL* (distance between black 
and white) 

46 53 30 

LAB volume (CIE L*a*b* units) 8300 3680 2945 

Area in a*b* (CIE a*b* units) 309 189 171 
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Figure 55: (a) 2D C*h* circular diagrams projected in the a*b* plane of the database (a) 
observed in transmission, frontside reflection and backside reflection, and for the 16 

portraits (b). Each point corresponds to the color extracted of a nanostructure and are color-
coded based on their luminance (L*). Additionally for every projection the diagram is divide 

into 36 sectors. 
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Table 5: Normal density values extracted for each sector based on the hue diagrams of the 
colors of the database observed in different observation modes. 

Sector Transmission Frontside Reflection Backside Reflection 

1 
 

 0.00833 
2 

 
 0.00417 

3 0.00417  0.00625 
4 0.08958  0.00417 
5 0.12708  0.00625 
6 0.13750  0.00208 
7 0.21875  0.02083 
8 0.33125  0.01667 
9 0.08750 0.01875 0.00833 

10 0.00417 0.20000 0.01667 
11  0.47500 0.03333 
12  0.25208 0.02083 
13  0.04792 0.00833 
14  0.00625 0.00833 
15   0.00625 
16   0.00625 
17   0.00625 
18   0.00417 
19   0.03333 
20   0.13542 
21   0.17083 
22   0.08333 
23   0.03542 
24   0.02292 
25   0.01042 
26   0.01042 
27   0.00625 
28   0.03750 
29   0.10208 
30   0.06875 
31   0.04792 
32   0.02083 
33   0.01042 
34   0.01250 
35   

 

36   0.00417 

The “density difference” allows to compare the normalized density of two gamuts, sector per 

sector, and to give a total number as follows: 

𝐷𝑛𝐷𝑒𝑛𝑠𝑖𝑡𝑦,𝑖,𝑥
=  ∑ |𝑛𝐷𝑒𝑛𝑠𝑖𝑡𝑦,𝑖

𝑠 − 𝑛𝐷𝑒𝑛𝑠𝑖𝑡𝑦,𝑥
𝑠 |36

𝑠=1               (Equation 13) 

Where 𝑖 relates to the gamut of an original image and 𝑥 to the gamut of the selected mode 

for the image to be printed. 𝑠 is the number of sectors. The lower the value of the density 
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difference, the better the performance of the mode in terms of color fidelity. The calculated 

density differences are summarized in table 6. 

Table 6: Density difference values calculated between every input image (16 portraits) and 
each observation mode. The average distance values is given for every mode. 

Portrait DTransmission DFrontside Reflection DBackside Reflection 

1 1.43 1.89 1.50 

2 1.13 1.87 1.78 

3 1.14 1.79 1.68 

4 1.29 1.86 1.62 

5 1.28 1.68 1.72 

6 0.88 1.84 1.80 

7 1.24 1.89 1.65 

8 1.02 1.86 1.82 

9 0.94 1.80 1.63 

10 0.66 1.80 1.77 

11 0.92 1.79 1.75 

12 0.85 1.82 1.62 

13 1.03 1.79 1.76 

14 1.36 1.89 1.70 

15 1.26 1.88 1.66 

16 1.25 1.89 1.58 

Average 1.10 1.79 1.69 

3.3.1.4. Discussion about the gamuts and metrics 

Based on the results in table 4, and if the features are considered independently, one could 

conclude that the mode with the biggest gamut volume (T mode) is the best one, which 

correlates with was concluded from the visual observation. Moreover, the gamut area (a*b*) 

metric ranks the modes in the same manner. However, the mode presenting the highest 

contrast is the FR mode, which does not correlate. In BR mode, the color variation and 

contrast present the lowest values among the three modes, thus qualified as the least 

interesting one. 

The hue diagrams in figure 55 confirm that the printed database has always a smaller color 

gamut than the original image, as already assumed when describing the gamut mapping 

method. This figure also highlights the fact that the printed database gamut may contain hue 

ranges that are very limited and completely different from the one of the original gamut. 
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Despite T mode presenting the highest a*b* surface, the colors are condensed in a portion of 

the hue diagram as seen in figure 55.a. The same can be said for FR mode where the colors 

are limited in a different area of the hue diagram. This statement is supported by the 

normalized density values measured for both modes, covering only a few sectors, while the 

original images cover the majority of the diagram as seen in figure 55.b. Therefore, the color 

variation is not as important as previously suggested for both T and FR mode. On the other 

hand, in BR mode the colors are well distributed in the hue diagram of figure 55.a. However, 

the chromaticity (color saturation) and luminance (lightness) are rather limited compared to 

both T and FR modes. The calculated “density differences” presented in table 6 correlate the 

color gamuts of the database to each of the 16 portraits. In T mode, the density difference is 

the lowest compared to both FR and BR mode, making it the best one for this specific set of 

images thus correlating to the preliminary observation.  

Obviously, correlation does not mean causality and this simple study cannot allow to conclude 

about the relevance of these metrics for ranking any kind of image. However, this first 

investigation suggests that several metrics could be considered to assess objectively the 

quality of the simulated images in different modes of observation by considering the limited 

color (lightness, hue, chroma-saturation) range produced in various modes of observation by 

ns laser processing of our plasmonic nanocomposite films inside the PC cards.  

An example that shows that, if the database or input images are changed, the results might 

differ is presented in figure 56. An image with different saturated colors is considered here, 

printed with the same database as previously and simulated in the three observation modes 

T, FR and BR. With this image the metrics “density difference” ranks the BR mode first 

(𝐷𝐵𝑎𝑐𝑘𝑠𝑖𝑑𝑒 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 = 1.13) ahead of modes FR and T (𝐷𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 =

1.54 ; 𝐷𝐹𝑟𝑜𝑛𝑡𝑠𝑖𝑑𝑒 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 = 1.23). One can see that even if the colors indeed look closer in 

R mode to the ones of the original image in this mode the contrast is poor and may cause an 

observer to prefer the other images. 
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Figure 56: (a) Image of two colorful parrots are gamut mapped in three observation modes, 
backside reflection (b), frontside reflection (c) and transmission (d). For each mode, the 

distance differences of the normal density of the image versus the mode is given.  

Further study should consider a larger library of different kinds of images, subjective 

assessment by an observer panel and not only one observer, statistical evaluation of different 

criteria, and correlations with weighted linear combination of metrics. 

3.3.1.5. Conclusion 

Quality image assessment for such a technology requires developing specific metrics and 

assessment procedures and cannot be automated easily at this stage. For industrialization 

purpose, proposing an automatic optimization of the whole printing process with quantified 

assessment of the results will make sense. Further investigation must be done in this direction 

to support the development of this technology.  

However, to progress in the development of the elaboration process of the materials, which 

was the main objective of this PhD work, subjective assessments of image quality have been 

used. In the following steps, the colors in T mode will be used to produce high quality image 

printing. 
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3.3.2. Reproducibility of laser-printed colors 

The following numerical tools used in this section were developed by Robin Mermillot-

Blondin, PhD student. 

3.3.2.1. Drawbacks and limitations 

The reproducibility of colors is difficult to achieve in a sample and more so from sample to 

sample, which hinders the efficiency of this technology. This can be attributed to both the 

material and the laser setup as they present some drawbacks.  

Local defects due to dusts, scratches or impurities are also largely present on the final cards. 

These defects can strongly affect not only the selection of the primaries as stated in part 

3.1.4.5 but also the final printed image when the defects are present in the printed area. 

Thickness variations within a film strongly can influence the printed colors. In the case of this 

manuscript, the titania matrix is prepared by spin-coating on flexible substrates. During this 

process, the support is maintained on the stage by vacuum suction, producing a slight bending 

of the sample in some cases and leading to inhomogeneities, namely on the edges of the 

sample. Unfortunately, due to the nature of the substrates, it was not possible to measure 

systematically the film thickness variations. Additionally, working with silver nanoparticles 

makes also the reproducibility tricky. Introducing silver salt in the mesoporous TiO2 film by 

soaking and rinsing the silver overload on the surface before drying is done manually and 

requires to reproduce accurately the know-how. Varying the silver load in the film can 

strongly affect the Ag NPs size and density after laser processing and the resulting colors. 

Before lamination, when the silver loaded films are exposed to ambient conditions, the size 

and density of Ag NPs can evolve in time as it was demonstrated by N. Sharma in his thesis119. 

The time and the storage condition of these films must be well controlled until lamination, 

which is why it was done in the first 48 hours after silver loading. The stability of the materials 

embedded in a PC card was investigated by UV-Visible spectroscopy presented in figure 57. 

On one hand the ageing of the film (black curve) over time was evaluated after 9 months 

(dotted black curve), depicting a fairly good stability. On the other hand, two additional 

materials from different batches were investigated after lamination (red and green curves) 

depicting slightly different optical behaviour. 
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Figure 57: UV-Visible transmission spectra of TiO2:Ag PC cards. The solid black curve 

represents the measurements carried after laminating a TiO2:Ag PC card (batch 1) and the 
dotted curve represents the same sample after 9 months. Other samples prepared in the 
same manner are characterized and illustrated by the red and green curves, belonging to 

different sample batches (2 and 3). 

On the three samples presented above, the database was inscribed and the colors were 

measured with the camera setup. Figure 58 illustrates the sRGB color values extracted for 

each square in the database in a 2D representation following the scheme. For each square 

(nanostructure), the extracted sRGB colors are represented following the scheme presented 

on the right of the figure. In summary, the database is divided in 4 parts based on the 

repetition rate (10, 20, 40 and 50 kHz), each section contains the same power variations (10) 

and scanning speeds (12) as described in part 3.1.2. It is evident that color discrepancies occur 

from batch to batch as the colors are different for some sets of laser parameters. However, it 

is worth noting that despite the color differences, some color trends were detected for some 

groups of laser parameters. For example, for the three samples, at low power, low scanning 

speeds and at 40 and 50 kHz, yellowish colors are produced, while at high scanning speeds, 

some brownish colors are produced.  
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Figure 58: The database was printed in three different samples belonging to three different 
sample batches (a, b and c). The colors were characterized in transmission and represented 

in a 2D projection following the scheme. 

These discrepancies can also be related to the laser processing, as the samples are placed in 

a sample holder for laser marking. After the inscription the cards are removed from it and 

placed in the camera setup for the color extraction. Then, the sample is placed back in the 

holder of the laser setup but not necessarily at the same exact position which could lead to 

slight displacements of the surface and thus affect the produced colors. To solve this issue, it 

would be advantageous to build the camera and laser setups together to avoid moving the 

sample. 

The pixel size after laser processing varies with the processing parameters (power, scan 

speed, repetition rate) and juxtaposing a small pixel with a larger pixel may change the 

expected halftone color despite the addition of the margin. One has to pay attention to the 

color mixing result when involving very different parameter values in an image. To illustrate 

this phenomenon, a palette selected by the color gamut algorithm consisting of 10 primaries 
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is used with the laser parameters described in Annex 7. This can be quantified by calculating 

the color differences of a halftoning matrix by printing “50/50” patches coupling the 

nanostructures in the palette. Figure 59.a illustrates an example where pixels with parameters 

“A” and “B” are alternated homogenously to create a 50%/50% halftones. Figure 59.b depicts 

the resulting print characterized with the camera setup using the 10 primaries of the palette. 

The color values of each nanostructure “100” patches are extracted independently and a 

theoretical average of every “50/50” patch is calculated in the CIE 2000 color space. These 

theoretical average values are compared to the experimental “50/50” measured colors by 

calculating the color difference, “ΔE2000”, in the CIE 2000 color space. The lower the values of 

ΔE2000, the closer the experimental colors are to the expected ones. In figure 59.c, the sRGB 

colors values of the “100” and the “50/50” patches are represented in a 2D plane. ΔE2000 

values in the “50/50” patches are depicted in green if the values are lower than 5, which relate 

to colors considered perceptually similar. Values above 5 are depicted in red, highlighting a 

bad color mixing between the two nanostructures. It its observed that all the nanostructures 

can mix fairly well with values comprised between 1 and 5, except for the nanostructure (8) 

that does not mix well as high ΔE values are detected (in red). For instance, here, 

nanostructure (8) has a high laser power and low scanning speed compared to others, 

resulting in larger processed areas compared others despite adding a margin to separate the 

pixels accordingly. To visualize this, figure 59.d depicts pixels printed together and the red 

dotted square represents 4 neighboring pixels. The “black” squares (nanostructure 8) are 

significantly larger than the “yellow” pixels (nanostructure 7) resulting in an overlapping of 

the pixels, thus having a bigger color contribution. To be able to avoid this, developing a model 

that predicts the processed areas based on the laser parameters would be beneficial. This 

way the pixels could be designed accordingly to the laser parameters and obtain consistently 

good halftoning. One can imagine that pixels with high fluence and low scanning speed would 

have a “smaller” theoretical size in the CsMark software compared to pixels with lower 

fluences and/or lower scanning speeds to avoid overlapping. 
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Figure 59: “50/50” patches (a) were constructed by coupling the nanostructures of the 

palette and (b) printed in a TiO2:Ag PC card. The calculated color differences ΔE2000 values(c) 
of the “50/50” patches are extracted and highlighted in green if the difference values are 

below 5. Values higher than 5 are depicted in red, sign of bad color mixing. (e) Optical 
microscope image of laser-processed pixels (50x50µm2) showcasing bad halftoning. The red 

dotted square represents four neighbouring pixels. The “black” squares (nanostructure 8) 
cover larger areas compared to the “yellow” squares (nanostructure 7) even though they 

should be similar for the halftoning to work. 

Figure 60 displays an example where a printed portrait that does not look as expected from 

the simulation (in transmission mode). The bad color reproduction in Figure 60.c makes the 

traits of the face difficult to recognize. This bad result may come from a combination of the 

issues listed above. An empirical methodology has been implemented to overcome this kind 

of issues and improve the results whatever the state of the fabricated card. 
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Figure 60: (a) Original image is gamut mapped in transmission mode (b), vectorized and 

printed on a PC TiO2:Ag card (c) depicting several printing errors. 

3.3.2.2. Primaries selection  

As previously said the samples inhomogeneities lead to color discrepancies from batch to 

batch. Therefore, the following study was performed on a single batch (batch 1 in figure 58) 

and then evaluated on other batches. 

The color selection during the clustering step is a crucial part of the printing result. The 

primaries selection of the primaries is purely based on the color values and not on the laser 

parameters. In the following section, a strategy is described where a compromise is made 

between the most optimal laser parameters and the color values to select a primary, ensuring 

a good reproducibility of colors with relatively low color variations.  

The first step is to investigate the distribution of color clusters of the database relative to the 

laser parameters of each nanostructure. Each nanostructure has three characteristic 

parameters, the laser power, scanning speed and the repetition rate, thus a 3D plot of each 

color would be ideal to be presented. However, visualizing them in 3D can be quite tricky and 

difficult to appreciate, therefore the nanostructures are illustrated in a 2D representation of 

the database observed in transmission mode as depicted in figure 61. To highlight the 

clusters, each square is tagged with a small square whose color corresponds to a specific 

cluster, thus 10 distinctive colors are used to highlight the 10 clusters. To better visualize the 

clusters, the palette containing the primary of each cluster is illustrated at the bottom of the 

figure. 
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Figure 61: On the left, the database observed in transmission mode is represented by the 
extracted sRGB color values of each square. Each of them is marked with a color coded small 
square which relates to their affiliation to one of the 10 clusters as highlighted by the color 

palette. On the right, a schematic representation of the database is given with their 
corresponding laser parameters. 

It is observed that similar color gradients can be produced using different repetition rates, 

laser powers and/or scanning speeds. For example, for repetition rates of 10, 40 and 50 kHz 

colors belonging to cluster (2) coded in purple are produced using a few powers and scanning 

speeds. However, for 20 kHz, the same colors can be generated using 22 different 

neighbouring sets of laser parameters. This means that for a wide range of laser powers and 

scanning speeds the color variation is quite limited. This can be beneficial to improve the 

reproducibility of the color if it is produced by an “intermediate” set of laser parameters. if 

there were any processing errors due to small laser power fluctuations, the color would still 

be consistent, as either a smaller or higher power can result in the same color according to 

the database. To showcase this an example is given in figure 62 with cluster (2) colors present 
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in both 50 (a) and 20 kHz (b) sections. In figure 62.a, the nanostructure with 22% laser power 

and a 60 mm.s-1 scanning speed at 50 kHz is surrounded with colors associated to different 

color clusters as depicted with the red arrows. Therefore, if any processing errors occur the 

color produced could certainly be different. However, in figure 62.b, with a repetition rate of 

20 kHz, same laser power and scanning speed the nanostructure is surrounded with colors 

from the same cluster hence, despite any potential processing errors, the color generated 

would likely be reproducible. Therefore, this nanostructure is selected as the primary for 

cluster (2).  

 
Figure 62: Nanostructures with colors belonging to cluster (2) are depicted in the (a) 50 kHz 

and (b) 20 kHz sections. For each repetition rate, a nanostructure and their neighboring 
squares are highlighted. In the 50 kHz section (a), the nanostructure is surrounded with 
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nanostructures with similar laser parameters but very different colors. Whereas in the 20 
kHz section (b), the nanostructure highlighted is surrounded with identical colors using 

similar laser parameters.  (c) For the selection of the primary for each cluster, the largest 
area is highlighted in the corresponding color code. Then, within the area, the primary is 

selected at the center of it as highlighted with an ( ). 

The same strategy can be applied to other clusters containing a variety of laser parameters 

such as clusters (1), (4), (5), (6), (7), (8) and (10) as depicted in figure 62.c. For each of these 

clusters, the selected nanostructure is highlighted with an ( ) and their corresponding laser 

parameters are given in table 7. The selection for clusters (3) and (9) is quite particular as they 

represent respectively the white and black colors so the priority was on the most achromatic 

nanostructures with the highest luminance for the white color (brightest) and the lowest one 

for the black color (darkest). 

Table 7: Laser parameters of the final 10 selected primaries 

Primary n° 
Repetition 
rate (kHz) 

Laser power 
(%)                      (mW) 

Fluence 
(mJ/cm2) 

Scan speeds 
(mm/s) 

1 40 25 45.2 77.5 600 

2 20 22 43.5 71.9 60 

3 10 6 18 33.3 1500 

4 50 22 43.5 71.9 40 

5 50 18 36.5 60.1 800 

6 10 20 38.2 64.2 800 

7 50 8 20.4 37.9 50 

8 50 18 36.5 60.1 40 

9 50 25 45.2 77.5 30 

10 40 6 18 33.3 1000 

3.3.2.3. Color reproducibility assessment 

The reproducibility of the 10 selected primaries is investigated by calculating the color 

differences between several prints of each primary. Each one of them is printed at least 5 

times following the laser parameters described in table 7. The sRGB color values of each 

nanostructure is extracted and converted to the CIE 1976 L*a*b* color space. Then, the color 

difference, ΔE, is calculated between a single inscription and the average of all inscriptions for 

every primary. The results are depicted in table 8 where for every primary ΔE values are 

calculated between the color values of an inscription and the average of them all. 

Subsequently, the average ΔE value is calculated for every primary. The average ΔE values are 

comprised between 1 and 3 with the highest recorded ΔE value being for primary (9) at 2.75. 
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Therefore, the color differences between inscriptions are barely perceptible unless observed 

at close observation meaning that the reproducibility of the colors is correct within a sample.  

The same process was carried on a different sample (2) from the same batch where the 

average ΔE values are also mostly comprised between 1 and 2 ΔE values as presented in table 

8 (right column), reinforcing the good reproducibility of the selected colors. 

Table 8: ΔE values of each inscription versus their average. The average ΔE values are given 
for each primary for two different samples. 

Primary n° 
Inscription (ΔE value of a color vs average) 

1                    2                    3                    4                    5  
Average 

ΔE 
Average ΔE 
(sample (2)) 

1 2.45 2.13 1.43 2.91 2.50 2.28 1.04 

2 0.63 1.75 1.24 0.68 0.99 1.06 1.15 

3 0.86 0.71 0.43 0.58 0.45 0.61 1.76 

4 1.86 1.37 2.17 2.16 1.65 1.84 1.71 

5 0.98 1.08 1.32 2.20 1.32 1.38 1.54 

6 0.83 0.97 1.47 1.35 2.79 1.48 1.69 

7 1.17 0.81 0.67 1.22 0.43 0.86 2.00 

8 1.06 1.17 2.06 0.33 2.14 1.35 1.75 

9 0.77 2.52 2.30 3.69 4.48 2.75 2.86 

10 2.16 2.29 2.37 0.49 1.63 1.79 0.66 

3.3.2.4. Full-color image printing 

Now that the reproducibility of the color palette has been verified, six images of the16 

portraits are gamut mapped and printed in different samples as depicted in figure 63. For 

each set of images (1 to 6), the original image is presented on the left, the mapped image in 

the middle and the printed image on the right. To print, the mapped image is vectorized in 

the CSmark software into a printable image consisting of 210x269 pixels (50x50 µm2) resulting 

in a 10.5x13.45 mm2 printed image. The processed image is observed with the usual color 

setup and normalized. Overall the color reproduction is good despite the presence of 

artefacts hindering the quality of the print.  
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Figure 63: 6 portraits are gamut mapped, vectorized and printed in different PC TiO2:Ag 
cards using the 10 primaries observed in transmission mode as depicted on top of the 

figure. The dimensions of every printed image are 10.5x13.45 mm2. 

Furthermore, the reproducibility of a single image was tested on different samples depicted 

in figure 64. The original image (a) is mapped in transmission mode (b) and printed in three 

different samples from the same batch (c, d and e). The printed images present similar results 

in terms of color reproducibility and high quality. 
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Figure 64: The original portrait (a) is gamut mapped (b) using 10 primaries in transmission 
mode. The resulting image is printed in three different samples (c, d and e) and detected in 

transmission. 

These results confirm the good reproducibility of the selected primaries without needing any 

further optimizations that can be translated from one sample to another and using different 

input images. Furthermore, it consolidates the interest of using this technology for full color 

image printing for security applications inside plastic cards. 

3.3.3. Conclusion 

This laser-based technology presents different technical limitations in the color selection 

workflow making it difficult to print images consistently without needing long and tedious 

optimizations. Here, some criteria were implemented to improve the reproducibility of the 

printed colors that can be printed correctly within in a batch. On one hand, the color 

extraction of the database was investigated as several artefacts are present in the material 

that hinder the real color values of the nanostructures. Therefore, each square of the 

database was manually scrutinized to verify their color uniformity. On the other hand, the 

primary selection is based on the color values and does not necessarily consider their laser 

parameters. Hence, an assessment was made on each cluster were the representative 

(primary) is selected based on the most optimal laser parameters. After selection of the 10 

primaries, their color reproducibility was verified within a sample and from sample to sample 
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presenting fairly good results. To illustrate this, 6 demonstrators were produced by printing 

full color images using this palette in different samples, revealing its potential for high-quality 

image marking. 

3.4. Image multiplexing 

3.4.1. Introduction 

The flexibility of this laser-based technology allows to produce a large number of complexed 

nanostructures with varied optical properties making them ideal for visual security features. 

Recently, laser-processed TiO2:Ag materials were used to encode several images into a single 

print with each image observed independently under specific conditions105,104. This concept 

is known as image multiplexing where images are fully mingled, where modifying one of them 

would also alter the others, thus making it a great anticounterfeiting feature. An example of 

the most recent results are depicted in Figure 65 where multiple image multiplexing under 

white light is achieved by processing TiO2:Ag films deposited on glass with the same 

nanosecond pulsed laser (λ=532 nm)19,105. The principle is given for two bicolor images in 

figure 65.a. Each image is to be reproduced in an observation mode (mode 1 or 2) when 

processing the multiplexed image illustrated in figure 65.b (nanostructure = metasurface). For 

two bicolor image multiplexed images, four nanostructures (MS1 to MS4) have to be properly 

selected to form the color combinations presented in the logical color tree depicted in figure 

65.c. Each nanostructure would need to display exactly one of the two colors on each mode 

(color 0 or 1). From this principle, an automatic colorimetric algorithm was developed to find 

all the possible solutions of nanostructure combinations that enable multiplexing for two 

images. An examples is presented in figure 65.d where a butterfly is observed in “unpolarized” 

transmission mode while a racoon is depicted in diffraction mode105. Needless to say, it is of 

great interest to be able to transfer this technology on PC cards to pave the way for their 

implementation on advanced security documents.  
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Figure 65: The principle of two-image bicolor multiplexing is presented. Input images are 

assigned to a chosen observation mode (a) to be able to print a multiplexed image (b). The 
latter is composed of 4 nanostructures (metasurfaces) that provide the colors depicted in the 
logical color tree (c). An example of two-image multiplexing is given (d) where a butterfly is 

observed in “transmission” and a racoon is observed in “diffraction” mode. 

3.4.2. Two-image multiplexing 

For binary images the most important aspect of the color selection is the contrast i.e. the 

perceptual distance ΔL* of the two colors for each mode, while the chromatic discrepancies 

are usually disregarded. Therefore, the clustering process here is based purely on cutoff 

distances of luminance differences (ΔL*) to find a “bright” color and a “dark” color on each 

mode. 

To find the most suitable multiplexing solution different cutoff distances were tested to form 

clusters in transmission and backside reflection modes. As a reminder, the colors are 

extracted from the palette described in part 3.3.2.3. consisting of 10 nanostructures. Among 

them, three interesting simulated results were obtained with cutoff distance values of 5, 10 

and 20 (on both modes) producing three different multiplexing solutions. The resulting 

simulated multiplexed images are given in figure 66 observed in transmission mode and 

backside reflection. Each color pixel is represented by the color of the nanostructures of the 

solution in the given mode. When using a low cutoff value of 5, the contrast is quite low. This 

is due to having a relatively low cutoff distance, meaning several small clusters are formed 
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with similar color values, obtaining multiplexing solutions with similar colors, thus with a 

relatively low contrast. However, if the cutoff value is heavily increased, the size of the 

clusters increases grouping different nanostructures with larger luminance differences, which 

can produce artifacts when colors that are expected to be similar are actually perceptually 

different at a glance. For instance, here, using a cutoff value of 20 results in noticeable 

luminance differences for colors expected to be similar as observed in figure 66 that create 

slight image “ghosting”. As a result, a tradeoff needs to be found between the contrast and 

the uniformity of the images. In the present case, the most optimal solution was found at a 

cutoff distance of 10 presenting a well-rounded contrast in both modes and do not present 

any type of ghosting. 

 
Figure 66: Comparison of two-image multiplexing solutions using two colors in transmission 

and backside reflection modes (four in total) using different cutoff distances of ΔL* (5, 10 
and 20). For each cutoff distance, the simulated images in each mode of observation are 

displayed.  

To be able to print the multiplexed image, each pixel of the image is vectorized with the laser 

parameters of the selected nanostructure as depicted in the color tree in figure 66.a. The laser 

parameters of each nanostructure are given in Annex 8. The real size of the image is 9.7 mm 

x 7.5 mm with a pixel size of 50µm. The multiplexed image is printed in a sample and observed 

with the camera setup in transmission and back reflection modes depicted in figure 67.b and 
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67.c respectively. Both images are easily observable with the naked eye under white light with 

a good contrast. To support this, several untrained users at the laboratory were able to 

identify the faces without having any prior information, hence illustrating the potential of this 

technology for anti-counterfeiting applications.  

 
Figure 67: Experimental result of two-color image mutiplexing. The color tree (a) consists of 

4 nanostructures (NS1 to NS4) depicting different colors in transmission (T) and backside 
reflection (BR). The multiplexed image is printed and characterized with the camera setup in 

transmission (b) depicting a woman and in backside reflection (c) depicting a man. 

3.4.3. Conclusion 

The conditional gamut algorithm implemented allows to find multiplexing solutions within 

the reproducible palette introduced in part 3.3.1. The resulting multiplexed image is printed 

on a PC card showcasing a good reproducibility despite the pixel overlapping. It provides a 

first glimpse to the potential of this technology to be able to print multiplexed images inside 

PC cards, with similar results to what has been previously observed on glass substrates104,105. 

The future steps would be to first expand the color gamut in the different modes to improve 

the quality of the print and investigate the possibility of three or more image multiplexing.  

3.5. Color production on PC:SiO2:TiO2:Ag samples 

3.5.1. Introduction: Implementation of a protective silica layer for color printing 

Laser processing directly on TiO2:Ag films without lamination are of great interest as the 

surface is accessible for observation and characterization. However, when irradiating non-

laminated PC:TiO2:Ag samples the material is ablated independently of the laser conditions 

(same as described in part. 3.1.2). An example is depicted by the SEM images in figure 68 



 

121 
 

where pixels with 45° laser lines (175 mJ.cm-2; 30 mm.s-1) were drawn illustrating ablation of 

the material. Therefore, an intermediate protective silica layer was introduced to be able to 

modify the material by laser processing without damaging the film. This transparent silica-

based film has been previously used as a laser-damage resistant coating for optics 

applications118. The film preparation is described in part 2.7.1.  

 
Figure 68: SEM images of a laser-processed PC:TiO2:Ag film depicting severe delamination of 

the material. 

3.5.2. Color production on PC:SiO2:TiO2:Ag samples 

3.5.2.1. Database processing  

The color database is produced using the same laser conditions performed on PC TiO2:Ag 

cards with over 450 unique sets of laser parameters described in part 3.1.2. Colors were 

observed in four observation modes, transmission, frontside reflection, backside reflection 

and “diffraction”. The latter relates to the -1st order diffraction observed at an incidence angle 

of 25° perpendicular to the laser polarization. The L*a*b* color values are visualized for each 

mode in figure 69, the database is projected in the a*b* and L*C* planes with each 

nanostructure represented by a color point. Compared to PC TiO2:Ag cards the color 

production is quite different, especially for transmission and backside reflection modes. In 

transmission the color variation is limited to blue and white shades while in backside 

reflection the color diversity is significantly higher consisting of greens, blacks, whites, yellows 

and oranges. Meanwhile, in diffraction mode not only the color variation is by far the biggest 

one in terms of a*b* surface but also presents the highest contrast (ΔL*≈ 80).  
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Figure 69: The color production of the database on a PC:SiO2:TiO2:Ag sample was 
investigated. Four observation modes were identified : transmission, frontside reflection, 

backside reflection and diffraction. To illustrate the color gamut, for each mode, the colors of 
the nanostructures are projected in the a*b* and L*C* planes for each mode. Each point 

represents a nanostructure and is color coded accordingly to their sRGB values. In the a*b* 
plane, the gamut is highlighted by the black-dotted outline.   

3.5.2.2. Investigation of diffractive gratings 

Such diffractive properties were first observed by laser processing TiO2:Ag materials on glass 

and flexible supports (PET) with femtosecond lasers68,102–105. This is due to self-organization 

mechanisms triggered by ultrafast laser excitation that generate periodic ripples at the 

surface, also known as laser-induced periodic surface structures (LIPPS). Their periodicity and 

direction are thus controlled by the laser processing conditions, generating interesting optical 

properties. With femtosecond lasers, it was observed that surface gratings were produced 

perpendicularly to the laser polarization68,102–104, while with the same nanosecond laser used 

here, surface gratings were formed parallel to the laser polarization105. For the latter, a single 

diffractive color was detected in the -1st order which relates to self-organized gratings with 

an average period of 320 nm.  

However here on PC:SiO2:TiO2:Ag samples, three “main” colors (white, green and red) were 

detected besides “black” which relates to the absence of grating formation. To understand 
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their origin, nanostructures producing these colors were investigated by SEM and AFM 

profiling. The laser parameters used to produce green, red and white are given respectively 

in annex 9 and depicted on top of figure 70 (1 to 4). SEM images and AFM topographic profiles 

(20µmx20µm) of the initial film (1) and the three nanostructures (2 to 4) formed by laser were 

recorded perpendicularly to the laser polarization (red arrow). For each micrograph a 2D “Fast 

Fourier transform (2D FFT) was performed using Gwyddion software (depicted inset) to be 

able to determine the periodicity of the surface grooves if any are present. The initial film 

presents a smooth surface with small elevation variations up to 35 nm which can be attributed 

to nanoparticles placed at the surface of the material and supported by the SEM image. 

According to the 2D FFT image, no periodicity was detected which explains the absence of 

diffractive color.  However, periodic surface gratings are observed for both green and red 

nanostructures (2 and 3) perpendicularly to the laser polarization but with different 

periodicity. The periodicity of both grooves was determined by measuring the vertical profile 

of the 2D FFT images. For the nanostructure (2), the period of the gratings was determined to 

430 ± 20 nm that is consistent to the green color captured (λ ≈ 530 nm) in these observation 

conditions if the following periodic grating equation is considered for a diffraction order of -

1:    

𝛬 =  
𝜆

𝑠𝑖𝑛(𝜃𝑖)+𝑠𝑖𝑛 (𝜃𝑂)
                                                (Equation 14) 

where 𝛬 is the period of the grating, 𝜆 is the wavelength of light (color detected), 𝜃𝑖  is the 

incidence angle (55°) and 𝜃𝑂 is the observation angle (25°). 
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Figure 70: Four nanostructures (a to d) presenting different colors in diffraction mode are 
presented on top. For each sample, a 202 µm2 AFM micrograph was recorded parallel to the 
laser polarization depicted with the red arrow. The scalebar is 10 µm illustrated by the white 
arrows. The 2D Fast Fourier Transform (FFT) of the surface was measured by using Gwyddion 
software as depicted inset. The grey-dotted lines represent the measured horizontal profile 
to be able to determine the period of the surface grooves in nanostructures (2) and (3), Λ = 

430±20 nm and Λ = 500±20 nm respectively. 

For the nanostructure (3) surface gratings present a higher period at 500 ± 20 nm. If equation 

(14) is considered, the color detected corresponds well in the red range (λ ≈ 600 nm). On the 

other hand, for the white nanostructure (4) the surface is heavily altered by the laser 

processing as drastic variations of hundreds of nanometres in elevation are observed without 

detecting any periodicity. This is due to the strong laser conditions as 95 effective number of 

pulses are deposited with high fluence (68 mJ.cm-2; 10 kHz) inducing significant changes to 

the material due to intense thermal plasmon absorption. Thus, the white color presented 

relates to the processed surface modifications of the material scattering the white light 

source of the camera setup. This phenomenon is discussed in the following part and its 

influence on the color production. 

3.5.2.3. Diffractive color tuning by laser ablation 

The material is rather sensitive to strong laser excitation as different alterations occur, 

resulting in interesting optical properties, namely diffraction, scattering or the combination 

of both. To be able to illustrate these phenomena, three samples were investigated by SEM 
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microscopy as presented in figure 71. They were processed with the same repetition rate and 

fluence (10 kHz; 68.0 mJ.cm-2) but with different scanning speeds, 1500 (a), 150 (b) and 30 (c) 

mm.s-1, that present respectively a green, light green and white color in diffraction mode. 

First thing it was observed that for either laser process a first type of ablation appears as 

“nanovoids” are formed in the material. They become bigger and more prominent as the 

scanning speed is decreased.  

  
Figure 71: Investigation of surface modulations by SEM microscopy. Three nanostructures (a, 
b and c) were produced by using the same repetition rate and fluence (10 kHz; 68.0 mJ.cm-2) 
but with different scanning speeds, 1500 (a), 150 (b) and 30 (c) mm.s-1. The black scalebars 
of the top figures are of 50µm, the white scalebars in the middle figures are of 10 µm and 

the yellow scalebars of the bottom figures is of 200 nm. 

Furthermore, spallation occurs as cracks start to appear in the film with intermediate scanning 

speeds (150 mm.s-1) and become heavily prominent with lower scanning speeds (150 mm.s-

1) at which the film starts peeling off while still attached. The higher the degradation of the 

film is, the stronger the scattering and the color bleaching in the diffraction observation 

mode. A well-defined green is observed when the film is crack-free (a), light green is obtained 

when cracks start to appear (b) to ultimately obtain a white color (c) as the peeled off areas 
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scatter the white light. By taking this into consideration, it is possible to tune the “paleness” 

of the diffractive color by varying the laser parameters. To highlight these colors an image 

was mapped as presented in figure 71.1 using nanostructures depicting red, black, white and 

different shades of green (6 primaries in total). The set of laser parameters of each 

nanostructure is described in Annex 10.  The image was vectorized with 35µmx35µm size 

pixels where each one was assigned to a set of laser parameters and printed in a sample. The 

resulting printed image was observed in diffraction with the camera setup as depicted in 

figure 71.2. It presents a fairly good color reproduction that confirms the interest of using 

diffractive colors to print high quality colored images with outstanding contrast and color 

saturation.  

 
Figure 72: Full-color image printing in diffraction mode. The mapped image (1) is simulated 
by using 6 primaries depicted at the left of the figure. It is then vectorized and printed on a 
sample. The resulting image was produced by using 35x35 µm2 pixels and has a real size of 

10.6x13.2 mm2. The image is observed with the camera setup in diffraction mode (2). 

3.5.3. Conclusion 

In conclusion, different surface modifications were observed such as the formation of LIPPS, 

voids and cracks that result in different optical features. The formation of LIPPS with two 

different periods  in one direction is particularly unique to this sample as previous studies 

show only surface gratings with a single period68,102–105. Moreover, laser ablation is usually 

something that is avoided as the material is damaged or delaminated leading to undesired 
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features. In this case, the partial peeling off of the material is presented by cracks is exploited 

to be able to tune the shading of the detected colors and utilized to be able to print high 

quality images. To summarize this section, 2D parameters regimes were defined to able to 

obtain the different diffractive/scattering properties on PC:SiO2:TiO2:Ag samples, presented 

in Figure 72. 

 
Figure 73: Parameters regime of laser-induced surface modifications of a database of 480 

unique sets of parameters with varied fluences (20-74 mJ.cm-2) and effective number of 
pulses (2-476). 

3.6. Conclusion 

In this chapter, the laser-induced color production was investigated inside PC cards using 

TiO2:Ag materials. First, the best laser conditions were established to avoid sample burning 

or damaging due to strong heat accumulation. It was found out that working with weak 

parameter range (low powers and repetition rates) and out of the focal plane of the laser 

would allow the production of interesting colors without damaging the samples. Then, the 

design of the most optimal pixel was scrutinized to be able to print uniform colors as 

35x35µm2 pixel size with interline distance of 10µm results in consistent color production. 

The database was then created and their colors were extracted in different observations 

modes. An assessment was developed that automatically selects the optimal mode to print 

color images based on a selection of input images. Here, transmission mode presents the 

most optimal color variations for portrait printing.  
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The color workflow was discussed as some inconsistencies were highlighted, particularly for 

the color extraction and the selection of the primaries, that are at the root of poor color 

reproducibility. Here, an empirical process was implemented to select the primaries based 

primarily on the laser parameters to anticipate color discrepancies. After selection, the 

reproducibility of the primaries was verified in terms of colors as they present good color 

uniformity with all ΔE values lower than 3. Furthermore, the palette was used to map and 

print several demonstrators of full color images in one mode but also multiplexed images 

illustrating the great potential of this efficient technology for secure applications. 

Finally, the laser-induced color production was investigated on non-laminated samples on PC 

samples. For this, a protective layer of dense silica was implemented to be able to produce 

colors without damaging the sample. The colors obtained are quite different to what is 

observed on laminated samples as diffractive colors were detected depicting well-defined 

and saturated colors. These diffractive properties were investigated by AFM and SEM 

microscopy. It was found out that periodic gratings were produced at two different 

periodicities (440 or 480 nm) parallel to the laser polarization. Additionally, laser ablation was 

observed when processing with strong irradiation, which results in light scattering effect that 

is detected as “white” in diffraction mode. The peeling off of the material can be controlled 

by the laser processing conditions and can be used to tune the luminance of the detected 

colors. To illustrate this an image was produced using different shades of green, red, white 

and black colors that present good color fidelity.  
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GENERAL CONCLUSION & PERSPECTIVES 

In the grand scheme, the works presented here relate to the development of visual features 

that could potentially be implemented in ID security applications, particularly for image 

printing. Here a solution is proposed based on a laser marking technology developed at the 

Hubert Curien laboratory using plasmonic materials on plastic supports. 

The first step was to develop a synthesis process to obtain TiO2:Ag thin films by sol-gel method 

that is suitable for plastic supports. To avoid high temperature annealing, the inorganic matrix 

was prepared by a multi-step process that allows obtaining homogeneous mesoporous titania 

films. The surface of polycarbonate substrates is pre-treated by a fast oxygen plasma 

treatment that improves the mechanical stability of deposited sol-gel materials as crack-free 

films were obtained. To stabilize such materials after deposition, the samples are exposed to 

low temperature that densifies the inorganic matrix, followed by a UV exposure and solvent 

extraction that eliminate the organic parts, namely the templating agent, to ultimately form 

the porosity in the film (≈40%vol) with a final thickness of 95±5 nm. The as-prepared films are 

then impregnation with silver salts by liquid method and form nanoparticles embedded in the 

matrix with good reproducibility. The resulting TiO2:Ag films on PC are then included on a 

plastic card without damaging the samples during the laminating process. 

The as-prepared samples were irradiated by a nanosecond laser. The best working laser 

conditions were studied to be able to produce a variety of colors without damaging/burning 

the sample. Once the laser conditions were defined, an exploratory work was carried on 

selecting the best colors for a certain type of images, highlighting the importance of 

developing an automated method to select the appropriate colors among the attainable ones. 

Once the colors were selected, several demonstrators were printed in a selected observation 

mode, depicting high quality details and features. Additionally, two-image multiplexing was 

investigated and achieved as well-defined and contrasted results were showcased. 

Materials not embedded in a PC card were also investigated by laser processing. A protective 

silica layer between the substrate and the TiO2:Ag film was implemented to avoid damages 

of the substrate or the material during laser processing. It allows to produce a wide variety of 

optical effects different to what was observed in PC cards. In particular, it was observed that 

diffractive colors were produced to due to the formation of surface gratings parallel to the 
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laser polarization. Two types of gratings were detected as a period of 440 ± 10 nm to produce 

a green color or with a period 480 ± 10 nm to produce a bright red color. The shade of the 

colors can be tuned by laser ablation as the strong irradiation would lead to spallation of the 

material. This leads to producing a scattering effect by the damaged areas and are thus 

detected as “white” in these observation conditions. To highlight this effect an image was 

produced with different shades of green, red white and black colors. 

Following these results, some future perspectives can be proposed: 

- Regarding the material preparation, despite the successful inclusion of a TiO2:Ag material 

inside a PC card, it still needs development to be able to be fully implemented in an industrial 

application. For this, a route can be considered where titanium silver precursors are mixed 

together and form a sol. This would allow to produce the film in one step without needing to 

first produce a mesoporous film and then include the silver by liquid impregnation. The 

deposition could first be tested in the same conditions as presented here and further develop 

a deposition process with another method such as inkjet or flexography which are widely used 

in the industry. 

- Regarding the laser processing, it would be of major interest to investigate the physical 

mechanisms taking place inside the card during laser irradiation. By understanding the 

different these mechanisms, we could potentially improve the color variety.  

-Finally, a third perspective would revolve around the image processing part. The “best” 

colors and images are always subjective to personal assessment. Thus, it would ideal to 

develop a complete and automated process to select the best conditions. 
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ANNEXES 

Annex 1: FTIR spectra of the evolution of a mesoporous TiO2 film 

Figure: FTIR-ATR measurements of a TIO2 film during the stabilization process. The spectra is 
extracted after the thermal treatment (red curve), UV treatment (yellow curve) and finally 

washing/drying (blue curve). The black curve represents a PC substrate without any 
deposition.  

Annex 2: Spot size measurements at the focal plane f0 and f2 

 
a) Spot size captured by the camera (inset) at the focal plane “f0” and the fitted gaussian 

profile for the vertical profile. b) Spot size captured by the camera at the plane “f2” fitted to a 
Gaussian profile for both vertical and horizontal profiles. Every profile was fitted with a 

simple gaussian equation: I(𝒓) = 𝑰𝟎 ∙ 𝒆
−𝟐𝒓

𝒓
𝟏 𝒆𝟐⁄

⁄
. 
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Annex 3: Laser calculation formulas 

Fluence calculation formula: 

To calculate the fluence in mJ.cm-2 the following formula was used by taking into account the 

elliptical shape of the beam spot: 

𝐹 (𝑚𝐽. 𝑐𝑚−2) = 1000 ×
2 

𝑃𝑜𝑤𝑒𝑟 (𝑊)
𝑅𝑒𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (𝐻𝑧)

𝜋 × 𝑟ℎ,1/𝑒2(𝑐𝑚) × 𝑟𝑣,1/𝑒2(𝑐𝑚)
 

Effective number calculation formulae: 

To calculate the effective number of pulses of a single line the following equation was used 

described by Florian et al.120: 

𝑁𝑒𝑓𝑓,1𝐷 =  

(𝑟
ℎ,

1
𝑒2

(𝑐𝑚) + 𝑟
𝑣,

1
𝑒2

(𝑐𝑚)) ×  𝑅𝑒𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (𝐻𝑧)

𝑆𝑐𝑎𝑛𝑛𝑖𝑛𝑔 𝑠𝑝𝑒𝑒𝑑 (𝑐𝑚. 𝑠−1)
 

For parallel lines the formula presented above is modified to include the interline distance 

(dy) and results in the following formula: 

𝑁𝑒𝑓𝑓,2𝐷 =  

𝜋 × (𝑟
ℎ,

1
𝑒2

(𝑐𝑚) × 𝑟
𝑣,

1
𝑒2

(𝑐𝑚)) ×  𝑅𝑒𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (𝐻𝑧)

𝑆𝑐𝑎𝑛𝑛𝑖𝑛𝑔 𝑠𝑝𝑒𝑒𝑑 (𝑐𝑚. 𝑠−1) × 𝑑𝑦 (𝑐𝑚)
 

Annex 4: Pixel dimensions measurements 

The dimensions of the pixels presented in figure 40 where measured for every repetition rate. 

The height x length of the pixels in µm were extracted and are summarized in the following 

table: 

10 kHz dy (µm) 
 Original 5 10 20 30 

pixel 
size 
(µm) 

25x25 36x26 
  

 

35x35 52x42 51x43 
 

 

50x50 68x60 70x60 65x58  

65x65 85x74 84x75 84x76 77x73 



 

134 
 

 

30 kHz dy (µm) 
 Original 5 10 20 30 

pixel 
size 
(µm) 

25x25 36x25       

35x35 48x43 56x44     

50x50 67x58 66x58 68x57   

65x65 88x78 85x70 84x73 82x70 

 

50 kHz dy (µm) 
 Original 5 10 20 30 

pixel 
size 
(µm) 

25x25 40x31       

35x35 52x42 51x43     

50x50 66x58 68x59 65x57   

65x65 85x73 82x70 84x72 83x72 

Annex 5: Color spaces 

The sRGB color space 

The red green blue (RGB) color space is a well-known method to encode the colors of each 

pixel (gamut) of an image in a specific device. However, every digital device, such as monitors, 

televisions, printers or presentation devices, have their own individual color space and range 

of colors that it can print or display. To be able to interchange and communicate color 

between devices, “standard” color spaces have been developed in the imaging industry such 

as such as the “standard” red green blue (sRGB) space that belongs to the Commission 

Internationale de l’Eclairage” (CIE) 1931 XYZ color space121. For instance, sRGB values can be 

transformed to three linear primaries, X, Y and Z values back and forth by a matrix (𝑀) 

multiplication: 

[
𝑋
𝑌
𝑍

] = 𝑀 [
𝑅
𝐺
𝐵

] 

To be able to interchange the information in color spaces under different lightings, standard 

spectral power distributions (SPDs) were developed by the CIE. They are called also 

“illuminants” and are inspired of different light sources such as incandescent light (A series), 
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daylight (D series), fluorescent lightings (F series), and LEDs. In the graphical and paper 

industry, illuminants D50 and D65 are mainly sued as they correspond respectively to the 

horizon and noon daylight spectra. In the present case, illuminant D65 is utilized and defines 

the matrix as follow122: 

𝑀 =  [
0.4124564 0.3575761 0.1804375
0.2126729 0.7151522 0.0721750
0.0193339 0.1191920 0.9503041

] 

The CIE 1976 L*a*b* color space 

Once the CIE 1931 XYZ tristimulus values of a color are calculated, they can be represented in 

the CIE 1976 L*a*b* three-dimensional color system. This model allows to provide 

perceptually more uniform spacing (differentiation) of colors with similar luminance. It 

expresses colors with three values, L* for luminance, a* represents the red-green axis and b* 

represents the blue-yellow. For this, a color is defined as the reference” white” with the 

tristimulus values of Xn,Yn and Zn and perform a chromatic adaptation and calculate the 

L*a*b* coordinates as follow: 

𝐿∗ = 116 𝑓 (𝑌 𝑌𝑛⁄ ) − 16 

𝑎∗ = 500[𝑓 (𝑋 𝑋𝑛⁄ ) − 𝑓 (𝑌 𝑌𝑛⁄ )]  

𝑏∗ = 200[𝑓 (𝑌 𝑌𝑛⁄ ) − 𝑓 (𝑍 𝑍𝑛⁄ )]  

With 

𝑓(𝑞) =  {
𝑞1/3                          𝑖𝑓 𝑞 ≥ 0.008856

7.787𝑞 +
16

116
       𝑖𝑓𝑞 ≤ 0.008856

 

 The two coordinates a* and b* can describe the “chroma” (C*) and “hue” (h*) of a given color 

according to the following correlations: 

𝐶∗ = √𝑎∗2  + 𝑏∗2      ;     h∗ = 𝑎𝑟𝑐𝑡𝑎𝑛
b∗

a∗
 

The CIE 1976 model allows to estimate the perceptual difference between two colors, called 

∆𝐸𝑎𝑏
∗ . It follows a simple Euclidean distance formula for colors “1” and “2”: 

∆𝐸𝑎𝑏
∗ =  √(∆𝐿∗)2 + (∆𝑎∗)2 + (∆𝑏∗)2 
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with 

∆𝐿∗ = 𝐿1
∗ − 𝐿2

∗  ; ∆𝑎∗ = 𝑎1
∗ − 𝑎2

∗  ; ∆𝑏∗ = 𝑏1
∗ − 𝑏2

∗ 

A newer color difference metric was developed in 2000, the CIE DE 2000 or ∆𝐸00, that proposes to 

correct the perceptual non-uniformity by following a more complex formula: 

∆𝐸00 =  √(
∆𝐿′

𝑘𝐿𝑆𝐿
)

2

+ (
∆𝐶′

𝑘𝐶𝑆𝐶
)

2

+  (
∆𝐻′

𝑘𝐻𝑆𝐻
)

2

+  𝑅𝑇

∆𝐶′

𝑘𝐶𝑆𝐶

∆𝐻′

𝑘𝐻𝑆𝐻
 

With 

𝐿′ = 𝐿∗ 

∆𝐿′ = 𝐿1
′ − 𝐿2

′  

�̅� =
(𝐿1

′ + 𝐿2
′ )

2
 

𝐶̅ =
(𝐿1

∗ + 𝐶2
∗)

2
 

𝑎′ = 𝑎∗ +
𝑎∗

2
(1 − √

𝐶̅7

𝐶̅7 + 257
) 

𝑏′ = 𝑏∗ 

𝐶′ = √𝑎′2
+ 𝑏′2

 

∆𝐶′ = 𝐶1
′ − 𝐶2

′  

𝐶′̅ =
(𝐶1

′ + 𝐶2
′)

2
 

ℎ′ = arctan (
𝑏′

𝑎′
)  𝑚𝑜𝑑(360°) 

∆ℎ′ = ℎ1
′ − ℎ2

′  

ℎ′̅ =
(ℎ1

′ + ℎ2
′ )

2
 

∆𝐻′ = 2√𝐶1
′𝐶2

′ sin (
∆ℎ′

2
) 



 

137 
 

𝑆𝐿 = 1 +
0.015(�̅� − 50)2

√20 + (�̅� − 50)2
 

𝑆𝐶 = 1 + 0.045 𝐶′ 

𝑆𝐶 = 1 + 0.015 𝐶′𝑇 

𝑇 = 1 − 0.17 cos ( ℎ′̅ − 30) + 0.24 cos (2ℎ′̅
) + 0.32 (3ℎ′̅ + 6) − 0.20 cos (4ℎ′̅ − 63) 

𝑅𝑇 = −2√
(𝐶′̅)

7

(𝐶′̅)
7

+ 257
𝑠𝑖𝑛 [60°𝑒𝑥𝑝 [− (

ℎ′̅ − 275°

25°
)

2

]] 

𝑘𝐿 = 𝑘𝐶 = 𝑘𝐻 = 1 

Annex 6: Normal density values 

Based on the hue diagrams presented in figure 54 (part 3.2.1), the extracted normal density 

values were calculated for every sector of each portrait. The results are summarized in the 

following table: 

 Image number 

Sec
tor 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

1 
0.01
835 

0.00
953 

0.00
016 

0.00
595 

0.00
027 

0.00
004 

0.00
034 

0.00
271 

0.00
234 

0.00
004 

0.00
127 

0.00
014 

0.00
007 

0.00
287 

0.00
618 

0.00
407 

2 
0.01
676 

0.01
739 

0.00
012 

0.00
353 

0.00
011  

0.00
021 

0.00
718 

0.00
202 

0.00
004 

0.00
337  

0.00
020 

0.00
694 

0.00
945 

0.00
427 

3 
0.03
591 

0.03
173 

0.00
418 

0.01
878 

0.00
595 

0.00
037 

0.00
257 

0.01
346 

0.00
362 

0.00
075 

0.01
366 

0.00
475 

0.00
263 

0.01
214 

0.01
808 

0.00
807 

4 
0.03
873 

0.09
627 

0.00
541 

0.02
798 

0.00
632 

0.00
461 

0.00
361 

0.01
973 

0.00
736 

0.00
179 

0.01
110 

0.00
716 

0.01
354 

0.08
230 

0.02
948 

0.00
844 

5 
0.05
821 

0.26
209 

0.01
935 

0.09
344 

0.02
498 

0.00
666 

0.01
393 

0.08
848 

0.03
424 

0.02
651 

0.05
408 

0.02
892 

0.01
962 

0.22
526 

0.05
933 

0.11
014 

6 
0.24
578 

0.08
537 

0.12
506 

0.24
679 

0.14
656 

0.01
578 

0.08
693 

0.21
308 

0.29
156 

0.17
211 

0.25
614 

0.15
288 

0.06
576 

0.12
603 

0.08
354 

0.27
478 

7 
0.03
679 

0.00
825 

0.32
354 

0.27
055 

0.37
281 

0.20
696 

0.22
768 

0.07
454 

0.21
383 

0.13
608 

0.17
041 

0.37
863 

0.32
586 

0.02
724 

0.10
433 

0.04
244 

8 
0.00
373 

0.00
257 

0.09
503 

0.06
422 

0.12
774 

0.23
234 

0.11
249 

0.02
321 

0.02
996 

0.03
955 

0.23
286 

0.17
934 

0.04
203 

0.00
886 

0.09
201 

0.07
705 

9 
0.00
267 

0.00
175 

0.01
428 

0.02
255 

0.01
867 

0.10
125 

0.11
371 

0.00
448 

0.00
552 

0.01
368 

0.05
697 

0.01
062 

0.00
543 

0.00
327 

0.00
101 

0.04
733 

10 
0.00
126 

0.00
104 

0.02
255 

0.01
103 

0.00
944 

0.00
589 

0.02
405 

0.00
700 

0.00
205 

0.02
283 

0.01
321 

0.00
852 

0.00
199 

0.00
175 

0.00
037 

0.02
596 

11 
0.00
039 

0.00
046 

0.01
682 

0.00
432 

0.00
482 

0.00
227 

0.00
671 

0.00
314 

0.00
093 

0.03
556 

0.00
894 

0.00
161 

0.00
092 

0.00
114 

0.00
014 

0.00
480 

12 
0.00
359 

0.00
280 

0.00
491 

0.00
545 

0.02
271 

0.00
323 

0.00
409 

0.00
753 

0.00
630 

0.03
876 

0.01
109 

0.00
575 

0.00
197 

0.00
287 

0.00
397 

0.00
818 

13 
0.23
615 

0.36
230 

0.35
651 

0.13
365 

0.23
925 

0.40
036 

0.31
408 

0.35
614 

0.36
680 

0.50
686 

0.16
038 

0.20
562 

0.42
313 

0.39
479 

0.39
190 

0.32
991 
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14 
0.00
025 

0.00
054 

0.00
037 

0.00
027 

0.00
127 

0.00
020 

0.00
070 

0.00
091 
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Annex 7 : Laser parameters of 10 primaries used for halftoning test 

 

Nanostructure Repetition rate (kHz) Laser power (mW) Scanning speed (mm.s
-1

) 

1 40 20.4 50 

2 80 38.2 16 

3 20 28.5 1000 

4 10 36.5 800 

5 20 45.2 10 

6 50 33.4 600 

7 10 36.5 1500 

8 50 45.2 30 

9 20 20.4 1000 

10 40 18 30 

 

Annex 8: Laser parameters of nanostructures for two-image multiplexing 

Table summarizing the laser parameters of the four nanostructures used for two-image 

multiplexing: 

Nanostructure 
n° 

Repetition 
rate (kHz) 

Laser power 
 (%)                         (mW) 

Fluence 
(mJ/cm2) 

Scanning 
speeds (mm.s-1) 

NS1 10 20 38.2 64.2 800 

NS2 50 25 45.2 77.5 30 

NS3 10 6 18 33.3 1500 

NS4 40 25 45.2 77.5 600 
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Annex 9: AFM investigation on laser inscription parameters on 
PC:SiO2:TiO2:Ag samples 

Table summarizing of laser parameters used to produce three different nanostructures with 

diffractive properties: 

Nanostructure n° Fluence (mJ/cm2) Repetition rate (kHz) Scanning speed (mm.s-1) 

2 (green) 68.0 10 150 

3 (red) 74.3 40 30 

4 (white) 68.0 10 30 

 

Annex 10: Laser parameters for image printing on PC:SiO2:TiO2:Ag samples 

Table summarizing the laser parameters of the six nanostructures used to create the palette 

for colourful image printing 

Nanostructure n° Fluence (mJ/cm2) 
Repetition rate 

(kHz) 
Scanning speed (mm.s-1) 

1 68.0 10 30 

2 33.3 10 1500 

3 68.0 10 150 

4 50.5 10 1500 

5 74.3 40 30 

6 68.0 10 1500 
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