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Abstract

Due to the constant evolution of counterfeiting media, it is necessary to improve
anti-counterfeiting technology. Hence, the main objective of this research work was
the design of security systems based on the PTT effect of materials. For this purpose,
Ln3* doped ceramic particles, whose PTT response was optimized, were fabricated

in order to be used in real printed applications.

Thermochromic pigment-based
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Anti-counterfeiting approach
based on thermal images

In the first approach, Sr/Zr ceramic oxides doped with Y*" were synthesized.
A photothermal ink was prepared with the Sr/Zr particles. In conjunction with
the thermochromatic ink, based on a reversible thermochromatic pigment, a printed

security system was designed, fabricated and tested. This was evaluated with mul-
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tiple NIR wavelengths and under external heat sources and it was determined that
only by exciting with the absorption wavelength of the oxides was the photothermal
effect generated, which produced the heating of the thermochromatic ink and thus
the information was revealed.

For the second approach, LaBOs; : Nd*' and LaBO; : Yb** particles were
fabricated separately, whose photothermal response is more efficient than that of
Sr/Zr : Y. This effect is selective, i.e. they only responded to a specific and
different NIR wavelength from each other. With these, multilayer printed codes
were designed, which were only revealed using a thermal camera when excited by
the specific wavelengths for each layer. The verification of the code is given with
a sequence determined by the order of the layers. To improve the level of security,
commercial particles with frequency upconversion were added, so that the verification
of the information was performed through both the thermal and the visible imaging
channel.

The proposed strategies show potential to be applied in different items, shown
as examples medicine packaging, business cards, etc. Moreover, within the scientific
character, the synthesized samples show a more efficient photothermal response when

compared to lanthanide-doped materials reported in the literature.



Resumen

Debido a la constante evolucion de los medios de falsificacion, es necesario mejorar
la tecnologia antifalsificacién. Por ello, el objetivo principal de este trabajo de in-
vestigacion fue el diseno de sistemas de seguridad basados en el efecto PTT de los
materiales. Para ello, se fabricaron particulas cerdmicas dopadas con Ln3*, cuya
respuesta PTT fue optimizada, con el fin de ser utilizadas en aplicaciones impresas

reales.

Enfoque antifalsificacién
basado en pigmento termocrémico
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Enfoque antifalsificacion
basado en imagenes térmicas

En la primera aproximacion se sinterizaron particulas de oxidos ceramicos de
Sr/Zr dopados con Yb*' para preparar una tinta fototérmica. En conjunto con la

tinta termocromatica, basada en un pigmento termocromatico reversible, se diseno,

X



fabricé y probd un sistema de seguridad impreso. Este fue evaluado con multiples
longitudes de onda de la regién NIR y bajo fuentes de calor externas y se determiné
que solo excitando con la longitud de onda de absorcién de los éxidos era generado
el efecto fototérmico, el cual producia el calentamiento de la tinta termocromatica y
por ende la informacion era revelada.

Para la segunda aproximacién, se fabricaron particulas de LaBOs; : Nd*T y
LaBOs; : Yb** de manera separada, cuya respuesta fototérmica es més eficiente
que la de Sr/Zr : Y. Dicho efecto es selectivo, es decir sélo respondian a una
longitud de onda especifica NIR y diferente entre ellas. Con estas, se disenaron
codigos impresos multicapa, los cuales fueron revelados tnicamente utilizando una
camara térmica al ser excitados por las longitudes de onda especificas para cada capa.
La verificacién del cédigo se da con una secuencia determinada por el orden de las
capas. Para mejorar el nivel de seguridad, se anadieron particulas comerciales con
conversion ascendente de frecuencia, asi la verificacion de la informacién se realizaba
a través del canal de imagen térmico y el visible.

Las estrategias propuestas muestran potencial para ser aplicados en distintos
articulos, mostrados como ejemplos empaques de medicamentos, tarjetas de pre-
sentacion, etc. Ademads, dentro del caracter cientifico, las muestras sintetizadas
muestran una respuesta fototérmica mas eficiente si se comparan con materiales

dopados con lantanidos reportados en la literatura.
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Chapter 1

Introduction

Counterfeiting is a serious global problem causing damage in multiple sectors [1].
According to the World Trade Organization (WTQO), counterfeiting can be defined
as the ”Unauthorized representation of a registered trademark on goods identical or
similar to the goods for which the trademark is registered, in order to deceive the
purchaser into believing that he is buying the original goods” [2]. On the other hand,
according to the International Anti-Counterfeiting Coalition (IACC), counterfeiting
is “an article that uses another’s trademark without their permission” [3]. Therefore,
in simplified terms, counterfeiting is a crime that encompasses the unauthorized
manufacture, distribution, or marketing of products.

At first glance, the direct damages appear to be those suffered by consumers,
legitimate manufacturers, and brand owners. However, the social and economic im-
pact is global in scale and causes damage even to the state. Although the information
on counterfeiting is often scattered, the Business Action to Stop Counterfeiting and
Piracy (BASCAP) of the International Chamber of Commerce (ICC) has compiled
information and a series of predictions on the impact of counterfeiting [1]. Accord-

ing to it, in 2013 the value produced in international trade by counterfeit products
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was approximately USD 923 billion, although it could escalate to USD 1.13 trillion if
digital trade is considered. With the growth of counterfeiting over the years, by 2022
the value of economic losses could reach an unimaginable USD 2.81 trillion. In addi-
tion to economic losses, the licit manufacturers or brand owners of different sectors
as apparel and footwear, electronics, books, automotive, among others are exposed

to a loss of credibility associated with the lack of quality of illicit products [4].

Consumers are not only exposed to low-quality products, but their health is also
at risk when consuming products of dubious origin such as food or medicines. The
latter may not comply with the correct formulation, may have been extracted before
labeling, and therefore may not comply with proper storage conditions [4]. In fact,
the pharmaceutical industry is one of the fields with the greatest negative impact
due to products of illicit origin, which could contribute to the detriment of the health
of consumers [5,6]. According to the National Association of Boards of Pharmacy,
profits from fraudulent drugs reach up to 75 billion dollars annually, which is even
higher than the income from legitimate means [4]. The World Health Organization
(WHO) estimates that 10 percent of the available drug market in some developing
countries is counterfeited [4,7-9]. Although in developed countries the figure drops
to 1 percent, it is difficult to calculate the number of deaths caused by fraudulent
drugs. Interpol estimates that there are around one million a year, just to give an

idea of the magnitude [10].

The damage produced by counterfeit products not only has an economic impact
but there is also a very clear social damage [4,11]. When a product is sold outside the
law, such transaction does not generate any tax payment, which directly affects the
funds of state, limiting the financial resource for the operation of government [12].
Not only business products can be counterfeited, but also certain official documents,

such as passports, licenses, or identification cards, which are often used for crimes



such as extortion or fraud or even high-level crimes such as terrorism [13].

In order to focus attention on illegal trade and/or counterfeiting of physical prod-
ucts or official documents, there are several mechanisms for their protection. These
must be simple to decipher for consumers, semi-confidential for distributors or sell-
ers, and strictly secret for manufacturers, considering that each of them corresponds
to a link in a supply chain [4]. Ideally, an anti-counterfeiting system should be non-
cloneable, easy to implement, difficult to remove-reuse, and easy to decode (simple
equipment). On the other hand, according to the Food and Drugs Administration
(FDA), the technology should not be restrictive, i.e., it should be versatile so that it

can be implemented in different products by varying the shape and/or substrate [5].

Commercially there are several security technologies, such as holograms, bar
codes, quick response codes, radio frequency identification, among others [5]. Al-
though each of these technologies offers advantages, they still do not meet all of the
above criteria for an ideal printed security system [14]. For this reason, and given
the growth of counterfeit technology, the private and public sectors are constantly
evolving to design more secure systems that are adaptable to current requirements.
Thus, several research groups have decided to contribute their knowledge to prevent
counterfeiting. In general, the proposals usually include the development of a ma-
terial that is used to print a hidden code that can only be decoded by receiving a

specific stimulus.

In recent years, the spectroscopic properties of luminescent materials have been
explored for encoding information for use in printed security applications. Due to
the great variety of materials in the literature, especially those doped with Ln3*,
there are several approaches used in anti-counterfeiting applications, such as single
and multiple emissions, tunable decay time, orthogonal upconversion emission, ther-

mal properties, or more complex ones such as the combination of upconversion with
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plasmonic properties [14-20]. All of the above configurations respond when excited
with light at specific wavelengths, however, the decoding of the hidden information
can be simple by involving sight alone or increasing in complexity using highly spe-
cialized equipment [21]. Similarly, decoding can be done in steady-state or dynamic,
depending on the excitation waveform [21,22]. The resolution process can become
more complex if it is made dependent on external stimuli, such as temperature [23].
However, normally, increasing the complexity of resolution also increases the cost of
manufacturing the security system, as well as the cost of the equipment used for it.
For this reason, despite the advantages offered by the above mechanisms, there are
still characteristics that limit their practical application, such as the cost and time
of the synthesis of the base materials, as well as the equipment necessary for their

manufacture and those used for decoding [14,19-21].

Printed security systems need to be constantly evolving, increasing the complex-
ity of being counterfeited, but trying to maintain accessibility. This is why it is neces-
sary to explore new ways of encoding information, such as including new mechanisms
to hide information. For example, few works use temperature as a variable in the
security process, either as an external stimulus or generated directly in the material.
Dong et al. designed nanoparticles with upconversion emission, NaY Fy : Yb3* /Ln3*t
and NaGdF, : Yv*T /Ln*" (Ln= Ho, Tm), which present different negative thermal
quenching, so when using temperature the color coordinate of the print varied [23].
Similarly, Lei and coworkers designed a security system based on NasZrF; nanopar-
ticles, which increased the emission intensity of the print when heated [24]. Although
both approaches show a new alternative in Ln3*-based security systems, they have
some drawbacks such as the long synthesis of the materials or the need for an exter-
nal heat source or a variable power laser for decoding. Similarly, few studies use the

temperature generated by the materials when irradiated with light (PTT) to hide



information. Another interesting work is the one published by Kang et al, in which
gold nanoparticles of different sizes are used to hide information in printed form [25].
By having different sizes, the metal nanoparticles have a different resonance plas-
mon, therefore when irradiated at these wavelengths the temperature of the print
increases and can be observed only through a thermal camera. However, a drawback
is the large absorption bandwidths, which can affect the multiple wavelengths that
reveal the thermal image. This can be solved by designing materials with sharp and
discrete absorption bands, such as those doped with Ln3*. Although not used for se-
curity, Wang and co-workers showed that a Ln*T-doped matrix can generate a PTT
effect. They synthesized NaY F, : 25Er3" microparticles, which upon irradiation
with a 1550 nm LD at 2.05 W/em? raised their temperature up to 49.3 °C [26].

In the present work, two approaches to security systems based on Ln?*-doped
materials are studied. The first approach was developed using synthesized and opti-
mized Yb** doped Sr/Zr microparticles, since low thermal conductivities, extraordi-
nary thermal stabilities, and high solubility of Ln®* ions have been reported for these
materials [27]. It is worth mentioning that, to our knowledge, these materials have
not been used in anti-counterfeiting applications. Structural characterization and
spectroscopy of the synthesized materials were performed, as well as PTT character-
ization using NIR LD radiation as excitation. A rate equation model was designed
to explain the thermal conversion efficiency. Combined with a thermochromatic pig-
ment, for the first time, two types of security systems were designed, fabricated, and
tested, which require only a fixed power LD for decoding, which is based on the color
change of the pigment caused by the heating of Sr/Zr PTT particles. On the other
hand, in the second proposal, LaBOs : Ln3+ (Ln=Nd**, Yb3") microparticles were
used as a base, since they have high thermal stability, exceptional optical damage

threshold, and low thermal conductivity. Once the structural, spectroscopic, and
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PTT characterization was performed, a security system based on thermal imaging
was designed. The synthesized particles were combined with a varnish to print codes
by screen printing. These, when irradiated with the appropriate wavelength, increase
their temperature which generates thermal images that are only visible through a
thermal camera. As a proof of concept, it was printed on different substrates, demon-

strating the versatility of the designed system.
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Chapter 2

Photothermal effect on crystalline

ceramic materials

2.1 Ceramics

A crystal has a three-dimensional and large molecular periodic arrangement. Fig.
(2.1) illustrates the difference between the crystalline and amorphous arrangement

of Si0;.

(a) (b)

Figure 2.1: Atomic arrangement (a) crystalline and (b) amorphous for SiOs.
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The way to characterize a crystal is by means of the atomic arrangement in
which the elements of the material are found. There are seven crystalline systems
described by geometry, known as cubic, tetragonal, orthorhombic, rhombohedral

(trigonal), hexagonal, monoclinic, and triclinic (fig. (2.2) [1].

y=1209

a a b a

Cubic Tetragonal Orthorhombic Hexagonal

Rhombohedral Monoclinic Triclinic

Figure 2.2: Seven crystalline systems.

The values indicated by a, b, ¢, and «, 3, 7 are known as network parameters.
They indicate the axial lengths or dimensions of the unit cell (a, b, ¢) and the
interaxial angles («, 3, 7).

The formation of a crystalline composite solid structure can occur by means of a
solid solution, which occurs by reacting two solid compounds. For the occurrence of

a solid solution the following points must be considered:

e Size: the difference between the ionic radii of the two compounds should be
small, i.e., a difference of less than 15 % should be present in order to avoid

lattice deformations.
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e Crystalline structure: Preferably the materials should have the same crystalline

structure since otherwise the generation of spurious phases could occur.

e Vulence: The ions must have the same valence in order to be able to be dis-
solved in each other. The difference between valences promotes the generation

of compounds instead of solutions.

o FElectronegativity: The atoms must have a similar electronegativity, otherwise

the generation of a compound instead of a solution is promoted.

Ceramics are inorganic materials made up of metallic and non-metallic com-
pounds, whose predominant bonds can be ionic or covalent. The atomic arrange-
ment shows a long-range order, which extends to scales much larger than 10 nm.
In general, a ceramic, unlike a single crystal, is a polycrystalline material, which
indicates that it is composed of smaller crystals, usually oriented in different spatial
directions. These smaller components are called grains. The order type in crystalline
materials can be detected by xrd [1,2].

There are several classifications that can be given to ceramics, such as their com-
position (oxides, carbides, nitrites, sulfides, fluorides, etc.) or their application (elec-
trical, magnetic, optical, automotive, mechanical, biomedical, construction, chemi-
cal, etc.) [1-3]. Due to the diversity of ceramic materials, it is complicated to make
a general definition of them. However, according to W.D. Kingery the most general
way to define them is ” A non-metallic inorganic solid” [2].

The properties conferred by the types of bonds that make up ceramic materials
generally include high melting points, structural rigidity, thermal insulation, and
brittleness [2,4,5]. Due to the nature of the material itself, high sintering tempera-

tures are required for its synthesis, which normally starts with powders (precursors).
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2.2 Low thermal conductivity host oxides

Zirconium oxide has been widely used due to its properties that make it a ma-
terial with multiple technological applications. Mainly, its mechanical properties
(high hardness), high melting point, mainly determined by the covalent bond in its
structure, stand out. Optically, it has a high refractive index, transparency in the
visible region of the electromagnetic spectrum, and an outstanding threshold to op-
tical damage. Among its thermal properties are its low thermal conductivity and its
chemical and physical stability at elevated temperatures, which have been exploited
in thermal barrier applications. Among other applications is its use in catalysts,
sensors, dielectric devices, ceramic materials for biological applications.

Due to its crystalline structure, properties can vary within a material. Zirconium
oxide has three phases that can be modified according to temperature, which are
monoclinic (room temperature), tetragonal (1170 °C), and cubic (2370 °C). How-
ever, stabilization of the tetragonal and cubic phases can be achieved at lower tem-
peratures if dopant oxides, such as Y3* or Yb3* oxides, are added. This ion doping
generates a number of charge ”compensator” called vacancies, thus preserving elec-
trical neutrality. By significantly increasing the bend concentration, it is possible
to generate an element known as rare earth zirconate M;Zr,O; (where M is a rare
earth element). Such materials exhibit improved thermal insulation and durability
when compared to the cubic phase Zr(O,. Crystallized in pyrochlore structure or in
fluorite structure, rare earth zirconates have a high content of structural oxygen va-
cancies, resulting in strong phonon dispersion and a significant reduction in thermal
conductivity.

Strontium zirconate belongs to the family of alkaline earth zirconate oxides with

perovskite-like structure. Alkaline earth zirconate hosts are known for their out-
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standing properties, such as high thermal and chemical stability, single-phase crystal
structure, high refractive index and wide band gap, so they have potential in the
electronic ceramics industry, gas sensors, optical coatings and filters, among others.
Due to their thermal stability properties, they are used as a special class of crucibles
for the synthesis of superconductors, refractory materials and deposition substrates.
Compared to other materials with low thermal conductivities such as c-ZrO; or
M, Zr,07, alkaline earth zirconates, especially SrZrQOs, have the advantage of being
synthesized at lower temperatures, their thermal conductivity is low and the reagents
needed for their preparation are cheaper. For these reasons, SrZrQOsz turns out to
be a good alternative to be a material used in thermal barrier coatings. On the
other hand, its ability to be a host for lanthanide ions has been explored, with which

interesting luminescent properties have been obtained.

Rare earth borates have been under study since the 1960s. LaBOs and NdBOs
are isomorphous with the structure of aragonite, while by reducing the size of the ion
at the rare earth position, the structure of calcite can be obtained. The main interest
of these systems is focused on their possible uses as recovery materials in nuclear
reactor devices, as well as in technological fields; due to their thermal stability,
the ability to be present in glass formation and their luminescent properties. For
example, europium-doped (Gd,Y)BOj3 is an interesting system for display panels
with high photoluminescence (PL) emission properties that are strongly affected by
particle morphology and size, and relative lanthanide concentrations. In addition,
Y BOs-doped lanthanide ions possess high photoluminescence efficiency under VUV
excitation and good dielectric properties. Therefore, this nanoscale-reduced material
has attracted great attention for its potential applications in miniaturized devices.
Due to their UV transparency and extraordinary optical damage threshold, rare

earth borates are superior to other nonlinear materials in applications involving
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UV excitation. Although little explored, having an orthorhombic structure, LaBOs
and NdBOj have low thermal conductivities of less than 6 W/mK, which can be

exploited in applications where poor heat dissipation is required.

2.3 Thermal conductivity

In general, heat transfer between two systems is nothing more than the transfer of
internal energy. This happens by means of three processes, conduction, convection,
and radiation. In practice, in many cases, there is usually a combination of these [6,7].

Heat conduction is the process of energy exchange from one body to another,
or from one part of a body to another through the exchange of kinetic energy from
the movement of molecules by direct communication. The flow of energy goes from
molecules of higher energies to those with a lower amount (higher at a lower temper-
ature). Characteristically, this process occurs within the physical limits of the body
or through two bodies in contact.

Heat conduction can be described in terms of fig. (2.3). Considering a plate of
surface A with thickness Ax. The two faces are at a temperature difference t; — o,
where t; > t5. Because of this, there is a heat flow whose velocity is ¢ (energy per

unit time), which is described by eq. (2.1).

t1 —t2

=kA
4 Ax

(2.1)

From eq. (2.1), the proportionality constant k is the thermal conductivity of
the material of which the plate is made, whose units in the international system are
W/mK. It is an intrinsic property of the material and depends only on its chemical

composition and not on its geometrical configuration [8].
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t>t

Figure 2.3: Descriptive diagram of the heat conduction process. It is a plate of area A,

temperatures t1 and to, a thickness Az and ¢ the heat flow velocity.

Considering that heat conduction is nothing more than the transmission of en-
ergy due to molecular motion, thermal conductivity is the physical property that
indicates how easily such transmission can take place in a material. It depends on
the composition of the material, the phase, the temperature, and whether or not it is
a homogeneous material. In general terms, for homogeneous materials, the thermal
conductivity goes in ascending order for gases, liquids, and solids. This is because,
in that order, the separation between molecules becomes smaller, allowing energy
to be exchanged more efficiently. There are marked trends according to the atomic
structure of the materials. For amorphous solids, such as glass, irregularities in
the atomic arrangement decrease energy transmission. For crystalline solids, whose
conductivity may be higher than that of amorphous solids, energy transmission has
an additional component due to the vibrational motion of the crystal lattice in the
direction of heat flow. It is worth mentioning that, for the latter, imperfections
in the lattice structure tend to scatter the energy-transmitting vibrations, resulting
in a decrease in the ease of heat transfer. For metals, the free electrons generated

by metallic bonds facilitate heat conduction, since a temperature difference causes
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migration of free electrons in the direction of decreasing temperatures.

In inhomogeneous materials, properties cannot be generalized so easily. There-
fore, the thermal conductivity can exhibit anisotropic behavior due to the non-regular
structure of the material. For example, for porous materials, the air contained in
them decreases the conductivity of the material. Therefore, the apparent thermal

conductivity varies directly with the apparent volumetric density.

2.4 PTT effect

The inclusion of light in medicine has been widely exploited since the last century
[9,10]. Among the main advantages of treatments or therapies using light is the
non-invasiveness, since it allows working in a localized manner. In the fight against
cancer, two processes have been widely studied: photodynamic therapy (PDT) and
PTT therapy (PTTT). PDT generates reactive oxygen species which kills cancer
cells by apoptosis. In PTTT the excitation radiation is absorbed and subsequently
converted into heat by plasmonic heating or non-radiative relaxations, which causes
cell death by raising the cancer cells to over 40 °C. Particles that absorb light and
subsequently interact with malignant cells to kill them are called photosensitizers [9].

As a therapy intended to be used in the human body, light in the NIR region has
been widely used due to its high penetration depth. In PTT the photosensitizers are
concentrated in the area of interest, to be irradiated with light which will generate
a localized increase in heat and this will produce cell death. For this to work, these
materials should ideally have high NIR absorption, be non-toxic and exhibit good
biocompatibility. Additionally, the conversion of light to heat should be as efficient
as possible.

For this purpose, several proposals have been developed, where the mechanism to
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generate heat through absorption is different, among which are noble metal nanopar-
ticles, carbon-based nanomaterials, Ln*T-doped particles, etc [11-21]. Each of these
systems offers its inherent advantages and disadvantages according to the process

that causes the heating.

Noble metal nanoparticles, often called plasmonic nanoparticles, such as gold or
silver, have been widely studied and used as photosensitizers, due to the heating
generated by localized surface resonance plasmon. The free conduction electrons can
be polarized through an incident resonant electric field (electromagnetic radiation).
The oscillation due to the electric field produces a difference in the net charge at
the boundaries of the metal nanoparticle, which leads to a significant increase in
temperature. Due to the origin of the mechanism, it is crucial to know the wavelength
resonant to the plasmon, which will vary in the particle according to its size or shape.
This process is highly efficient in gold nanoparticles (Au NPs), due to the high light
absorption, low luminescence yield. In addition, they offer the great advantage of
being biologically compatible because they cannot be easily oxidized. Not only that,
but there are also silver nanoparticles, which can be synthesized more easily than gold
nanoparticles, but they lack good biocompatibility. Normally the absorption bands
of the resonance plasmon of metallic nanoparticles are several tens of nanometers
and can cover a wide region of the electromagnetic spectrum due to the physical

characteristics of the particle.

When a light field is incident, the photon energy is absorbed if it is greater than
the optical bandgap of the carbon-based particles. The excited electrons transfer
energy to the lattice through electron-phonon coupling, which generates vibration in
the material, resulting in a temperature increase at the macroscopic level. Although
it is well known that thermal conduction is carried by phonons and electrons, in

carbon-based materials phonons account for most of the heat conduction.
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As in the case of carbon-based materials, those with Ln®* as a heating element
repeat the same mechanism. The Ln?t ions present in the material will absorb
the incident radiation (primarily materials that absorb in the NIR region have been
reported), promoting electrons to excited states. These can pass to the ground
state by two mechanisms, through a radiative (emission) process or non-radiative
transitions. However, both processes cannot occur efficiently, in fact, there is direct
competition between the two. The promotion of non-radiative processes will generate
an increase in the temperature of the sample, as the excited electrons transfer energy
to the matrix in which they are housed. That is why in the literature, the few
examples reported as PTT materials based on processes where the protagonist is only
Ln3* have primarily low quantum yields, which allows an improvement in their heat
conversion efficiency. Some studies report materials with high Ln3* concentrations,
for two reasons, the first is to increase the absorption of the material and the second is
to promote more non-radiative processes that occur between ions. Most of the works
reported in the literature have been in nanometric size because they are intended
to be applied in biomedical approaches, so they are found in aqueous solutions.
However, it has been identified that materials in solid-state, not dispersed in aqueous
solution, generate a higher increase in temperature, due to the lack of means to
dissipate heat. Most of the work on PTT materials using Ln3* are so-called hybrids,
where they are combined with other materials such as metal nanoparticles, carbon-

based materials shells, etc. These significantly improve the heat conversion efficiency.
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Chapter 3

Synthesis and characterization of

Sr/Zr based ceramics.

Based on the points described in the previous chapters, there is an ongoing need
to improve the actual printed anti-counterfeiting technology. In this sense, and in
view of the fact that temperature is not so widely used as a variable in current anti-
counterfeiting technology, we noted the potential that exists in its use in the design

of printed security labels.

In the present chapter, the experimental section of Sr/Zr-based PTT particles
is shown. First, the composition and the synthesis method followed are described.
This is followed by the structural, spectroscopic, and thermal characterization of
the synthesized materials. Complementarily, a rate equation model is presented to
explain the PTT behavior of the particles. Finally, the anti-counterfeiting proposal is

presented, in which the PTT particles are combined with a thermochromic pigment
[1].
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3.1 Synthesis method: Solid-state reaction

There are a large number of reports related to the synthesis of Sr/Zr-based ceramics,
as well as their structural properties and their application as thermal barrier coating
materials [2—4]. In such an application, the solid-state reaction method is often used
as the synthesis method because of the short time, high chemical yield and, the
possibility of generating microparticles [5].

For the above described, the synthesis of Sr/Zr:Yb*" ceramics was carried out
by the solid state reaction method. Strontium carbonate (SrCOj), zirconium oxide
(ZrOy) and ytterbium oxide (Y'beO3) were used as precursor compounds for the
synthesis, all of them with a purity higher than 99%. In order to evaluate the PTT
effect, a series of samples were fabricated in which the Sr/Zr ratio was varied and
the Y concentration was fixed. Table 3.1 shows the label and composition of each

of the fabricated samples.

Table 3.1: Parameters for the synthesis of Y -doped Sr/Zr hybrid oxides.

Sample  SrCOs; (mmol) ZrO; (mmol) Yby,O3 (mmol)

PTZr 0 30.8 6.6
PTSrZrl 30.8 44 6.6
PTSrZr2 374 374 6.6
PTSrZr3 44.0 30.8 6.6

uzrOs 0 30.8 0

The PTZr sample was based solely on Zr(O,. On the other hand, the PTSrZrX
samples, (X=1,2,3) presented a variation in the Sr/Zr ratio, the first sample (X=1)



3.1. SYNTHESIS METHOD: SOLID-STATE REACTION 29

contained the highest amount of Zr**, which decreases as X increases. To demon-
strate the effect of Y1?* an undoped sample, uZrO,, was processed with the same
synthesis method. The stoichiometric amount of each precursor was weighed on an
analytical balance (Sartorius CPDA225D, 0.00001 g),was placed in a zirconium jar
to be ground in ethanol in a planetary ball mill for 4 h (MSK-SFM-1; MTT corpora-
tion). Subsequently, the slurry obtained was dried for 12 h at 100 °C. This process
yielded a homogeneously distributed raw material whose particles were reduced in

order to increase the area of interaction between them.

The raw homogeneous mixture was placed in an alumina crucible. Which was
placed in a bench-top furnace(KSL-1700X MTI-XTL) to undergo the calcining pro-
cess. The temperature was raised from room temperature to 1550 °C at a rate of 10
°C/min, to remain there for 6 h (fig. 3.1a). After this time, the temperature was
allowed to drop to room temperature so that the sample could be removed from the
furnace. As reported in the literature, such temperature and time allow the correct
diffusion of ions, because both precursors have high melting points, the energy re-
quired for the reaction is high, mainly due to the type of bond, which is primarily
ionic. The sample obtained was a powder composed of millimeter-sized grains (fig.
3.1b). For this reason, and for its characterization, the size of all the samples was
homogenized with a milling process. For this purpose, each sample was individually
dry milled for 30 minutes in a planetary mill (MSK-SFM-1; MTT corporation), using
a jar and zirconium balls, in order to obtain a fine powder. For PTT characteri-
zation, each sample was individually pressed at 8 MPa for 10 minutes to form 0.5
g pellets with a diameter of 10 mm using an hydraulic press (EQ-YLJ-40T, MTI

corporation).
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Figure 3.1: (a) Crucible coming out of the furnace. (b) Example of the appearance of the

samples after the sintering process.

3.2 Characterization

This section presents the results of the various characterization techniques used. The

XRD technique was used to determine the crystalline structure of the samples. It is
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important to maintain the same conditions in the comparison of properties, so with
SEM a similar particle size was ensured among all samples. Once a similar particle
size was assured, PTT evaluation was performed. Spectroscopic characterization,
emission and decay time, allowed to evaluate the origin of the PTT effect in the

samples, for which a rate equation model was proposed.

3.2.1 XRD

Measurement of diffraction patterns was performed over a range of 20 to 90° (D2
PHASER 2nd GEN, BRUKER) using a step of 0.02° and a scanning speed of 0.5°
s~!. Phase identification was performed using DIFFRAC.EVA software (BRUKER),
filtering by chemical composition in the ICDD PDF-2 Release 2013 database.

All samples presented a well-defined crystal structure, which can be seen in the

XRD patterns of fig. (3.2) as sharp peaks.

Fig. (3.2) shows that PTZr sample presents a cubic structure Fm-3m (Fig.
3.2a).All peaks belong to the ¢ — ZrO, cubic structure (PDF 081-1550) and there
are none related to other crystalline phases. Surprisingly, despite the large amount
of Y3+ present in the sample, there are no peaks associated with that element, so
the cubic phase remains stable. Wang et al. reported that the ¢ — ZrOy cubic phase
is stable in the range of 8 to 40 mol% Y** [6]. This can be explained by the fact
that when large amounts of Ln3" are introduced into ZrO,, a Ln,Zr,O; composite
with a fluorite or pyrochlore structure is usually formed [7-11]. Due to the valence
difference between Zr*t and Ln3T, the inclusion of Ln3T generates a large number
of structural oxygen vacancies producing an increase in phonon scattering which in
turn results in a decrement in thermal conductivity [10]. This characteristic has

been extensively studied in the materials known as RE-zirconates since they present
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Figure 3.2: Diffractograms of the samples (a) PTZr with reference c-ZrO2 (01-081-1550),
(b) PTSrZrl with references c¢-ZrO2 (01-081-1550) and c-SrZrO3 (00-001-0937), (c¢) PT-
SrZr2 with references c-SrZrO3 (00-001-0937) and h-Zr3Yb4012, (d) PTSrZr3 with refer-
ence 0-SrZrO3 (00-010-0268) and (e) inert sample uZrO2 with reference m-ZrO2 (01-073-
8590).

an enhanced thermal insulating capability in comparison to ZrQO, cubic crystalline
phase. Both crystal structures are structurally similar and are only distinguishable
by XRD when the position of Ln?* is occupied by Gd**t, Sm3*, Nd** or La*T since
new peaks appear. For this reason, it is not possible to mention that the ¢ — ZrO,
phase is the only one present in the PTZr sample since the Y by, Zr,07 phase can be

formed. This would produce a significant reduction in the thermal conductivity since
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at room temperature Y'bs Zro07 has a value of 1.97 W/mK, which is lower than that
present in materials with the ¢ — ZrO; phase (3 W/mK) [7,10].

The introduction of S72* cation induces the formation of new crystalline phases,
with different thermal properties. Such is the case of the sample PTSrZrl (fig.
3.2b), which presents the same ¢ — ZrOy structure as PTZr but, in addition, a
cubic perovskite SrZrQs crystalline phase has been formed for which a thermal
conductivity value of approximately 3 W/mk has been reported [12]. Similarly, by
modifying the ratio between Sr?* and Zr**, new crystalline phases appear as in the
sample PTSrZr2(fig. 3.2c), in which the phases ¢ — SrZrOs and h — Zr3Y b,O15 are
found, for this last phase no thermal conductivity values have been reported. The
PTSrZr3 sample only contains peaks related to the o — SrZrOs phase (fig. 3.2d),
for which a value of 5 W/mK has been reported [4,13]. The impact of thermal
conductivities on the PTT effect of the synthesized samples will be discussed in

more detail in section 3.2.4.

3.2.2 SEM

Particle size measurement was performed using a JSM-7800F SEM (JEOL). This
microscope is located in a room with a controlled temperature of 20 °C and was used
in a secondary electron mode configuration at a voltage of 1 kV. As a result, high-
resolution images were obtained, showing the particles and a bar indicating the scale
of measurement 1 pm, which were obtained under the same x5,000 magnification
(fig. 3.3).

After the sintering process, a bulk material is obtained, consisting of partially
bonded micrometric particles (left side of fig. 3.3). The grinding process, subsequent

to sintering, only achieves the separation of the bonded particles, not their reduction,
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Figure 3.3: SEM images of (a) PTZr, (b) PTSrZrl, (¢) PTSrZr2 and (d) PTSrZr3 samples
after the sintering process (left) and after milling process (right). The scale bar indicates

1 um.

as shown on the right side of fig. 3.3. Samples PTZr, PTSrZrl and PTSrZr2 (fig.
3.3 a-c), before the milling process show particle junctions in the range of 1 to 5 um,

being sample PTZr the one with the highest amount of particles larger than 3 um.
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On the other hand, sample PTSrZr3 shows particle junctions of more than 6 um,
and even a complete melting of the material, which can be attributed to the fact that
it is the sample with the highest concentration of SrC'Os, which reduces its melting
point. After grinding, the size trend continues to be maintained. This is due to
the fact that the hardness of the crystalline phases decreases in the following order:
0—SrZr0Os, c— Zr0y, c— SrZrOs, which are present in the samples PTSrZr3, PTZr
and PTSrZr1, respectively [14,15]. For the h — Zr3Y'b,O5 phase, of PTSrZr2, there
is no reported hardness value, but we suspect that it is similar to that of c— SrZrQOs,

since the particle size distribution of the PTSrZr1 and PTSrZr3 samples is similar.

Figure 3.4: EDS mapping of (a) PTZr and (b) PTSrZrl samples. The scale bar indicates

()

(b)

S pum.

EDS analysis indicates that for the PTZr sample the distribution of elements
is homogeneous, since there is only one crystalline phase. On the other hand, the
PTSrZrl sample shows a clear heterogeneity in the distribution of elements. There
is a clear distinction in the areas where there is a higher concentration of Sr or Zr,
which could be attributed to the two crystalline phases present in the sample. From
the mapping for the PTSrZrl sample it is not possible to say which element the
Yb replaces, although it is reported in the literature that is Sr in the crystalline

structure.
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3.2.3 Spectroscopic characterization

Reflectance spectra measurements were performed using a Cary 5000 UV-Vis-NIR
spectrophotometer (Agilent) in a range of 400 to 1400 nm in order to know the region
of excitation for the PTT effect. The rate equation model requires the emission
data and decay times, so they were measured using a 965 nm LD as excitation, a
monochromator (Acton Instruments SP-2300i) and an InGaAs detector (Thorlabs
DET10C) to collect the data. The emission spectrum was measured in the range of
980 to 1100 nm at different powers, while the decay curves were obtained by means of
an HDO4054 oscilloscope (Teledyne LeCroy) and then fitted to a single exponential
decay.

Fig. 3.5a shows the reflectance spectra of synthesized samples. Evidently, the
main absorption band in all the samples corresponds at the transition 2 F% /2 —2 F /2
in Y5, which is the only possible transition (fig. 3.5b) and is centered at 975
nm. That wavelength was used as excitation to measure the PTT performance
of synthesized materials. It is necessary to mention that no absorption band was

detected in the uZrQ, sample because there is no amount of Yb*" in it.

Due to the high concentration of Y53t in the samples, it was only possible to
measure in the PTSrZr1, which are shown in fig. 3.6 at several 965 nm LD powers.
Emission bands characteristic of Y63+ can be observed, which maintain the emission

profile and in turn increase in intensity with increasing power.

The transition centered at 1021 nm was used to monitor the lifetimes at different
powers. As can be seen in fig. (3.7a-d), the average lifetime is 1.755 ms and it does
not vary significantly with increasing power. In other words, the lifetime does not
depend on the excitation power, this deduction is shown in section 3.3.1, where this

will be demonstrated analytically.
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3.2.4 PTT characterization

PTT characterization was carried out on the fabricated pellets, which were mounted
in plastic tweezers to avoid heat dissipation. Individually and at room temperature,
each pellet was irradiated for one minute with a 975 nm LD at a fixed power. After
that period, with a Keysight U5855A TruelR thermal camera, the maximum tem-
perature reached by the sample was measured and immediately the LD path was
interrupted in order to allow the sample to cool down and not to alter the LD sta-
bility. Once the sample temperature dropped to ambient, the LD power was raised
and the process was renewed. This procedure can be repeated many times without
significant variation in the results It is worth mentioning that the LD wavelength

was far from the sensitivity of the thermal camera, so there were no alterations in
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Figure 3.5: (a) Reflectance spectra of PTZr, PTSrZrl, PTSrZr2 and PTSrZr3 samples,

where the only allowed (b) transition of Yb**t is shown (2F; /5 =2 Fj ).
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Figure 3.7: Decay curves of PTSrZrl sample at several power.
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Figure 3.8: (a) Temperature images of PTZr and PTSrZrl samples at different power

irradiation of LD. (b) Maximum temperature reached after 1 min of LD irradiation of all

synthesized samples.
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The thermal images of Fig. (3.8a) show the heating process of PTZr and PTSrZr1
when irradiated at different 975 nm LD power. As expected, the higher the irradia-
tion power, the higher the temperature generated by the samples. The corresponding
quantitative result of the above process, for each sample, as a function of 975 nm
LD excitation power is shown in fig. (3.8b). At low LD excitation powers, less than
0.1 W, the temperature in all samples does not show a significant increase and thus
remains close to ambient. However, after 0.1 W, the temperature in the samples rose
as the excitation power increased. The highest temperature values at each excitation
power correspond to sample PTZr, followed by samples PTSrZrl, PTSrZr3 and fi-
nally PTSrZr2. For example, at 1.85 W the temperatures generated were 215, 205.4,
188.1 and 174 °C in the order given above. Clearly, as shown in fig. (3.8b), the uZrOs
sample has the lowest temperature rise at all excitation powers. At maximum power
excitation, 1.8 W, the temperature increases up to 42 °C that is only 17 °C more than
the initial temperature, which is insignificant compared with the 180.4 °C generated
by PTZr sample. That points the importance of the Y3+ doping in samples, letting
them able to specifically be excited by light at 975 nm. As is shown in table 3.1,
the Yb?T concentration was the same in all Y3+ doped-samples, so the difference
in temperature may be explained in terms of the differences in thermal conductivity
values. As was mentioned, ¢ — ZrOy, ¢ — SrZrQOs, and 0 — SrZr(O3 phases presented
in PTZr, PTSrZr1, and PTSrZr3 samples, respectively, have values of 2, 3, and 5
W/mK as reported [4,13,16]. The value for h — Zr3Yb,O15 was not found, but we
suspect it is the highest because the temperature reached for the PTSrZr2 sample
was the lowest at all LD excitation powers. The results show that a low thermal
conductivity value promotes the generation of an increase in temperature of samples
since it tends to increase rapidly as there is not a good dissipation of it. As shown

in fig. 3.6, the emission intensity of the samples is very low, which is in agreement
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with Wang et al. who showed that a high concentration of Ln®* tends to promote
non-radiative transitions [17]. This allows us to deduce that only a small fraction of
the absorbed energy is converted to emission photons, which would indicate that the
remaining energy is converted to heat. This process will be justified in section 3.3.1.
In comparison with other materials with high Ln3* concentrations reported in the
literature, such as NaY Fy : 25Er3" and LaFs : Nd®T, the temperature generated in

the synthesized samples are higher at low and high LD excitation powers [17,18].

The dynamics of sample heating was performed only by analyzing the two samples
with the highest PTT conversion efficiency, PTZr and PTSrZrl. Fig. 3.9a shows
the temperature evolution on time under 1 min excitation of LD at 310 mW. When
irradiation is set, the temperature starts to increase almost at the same ratio in both
samples and even both exceed 40 °C after 10 s of LD irradiation. Such temperature
is important for the anti-counterfeiting application that was proposed and described
in section 3.4. Consistent with fig. 3.8b, the maximum temperature reached in both
samples after 60 s of irradiation was approximately 80 °C. Immediately after, the LD
was turned off and the cooling process was started, which was faster in the PTSrZr1
sample because it had a higher thermal conductivity value between the two samples.
As described above, the PTT response measurements were repeated 30 times and no
significant variations (less than 2 %) were observed. This performance is illustrated
in fig. 3.9b, where three heating-cooling cycles are stable for the PTZr and PTSrZr1

samples.
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Figure 3.9: (a) Temperature of PTZr and PTSrZrl samples as a time function and 975
nm LD (310 mW) status. (b) Temperature response of PTZr and PTSrZrl samples during

several repeated heating-cooling cycles.

3.3 Theoretical models

3.3.1 Luminescent dynamic model

In order to prove that the PTT effect is related to the low quantum efficiency of the
synthesized materials, a rate equation model was proposed. Using the energy level

diagram of fig. 3.5b, the luminescent dynamics can be expressed by

dN
d—tl — —A.N; — W,,, NyN; + PN, (3.1)

Where Ny and N; (ions/cm?) are the population of Yb*' ions in the ground
(*F7)5) and excited (*Fjj2) states, respectively. A, and W, Ny (s™!) corresponds

at radiative and non-radiative rate by concentration quenching. The last term is

composed of P (W), which is the irradiation power, and ¢ which is the absorption
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pumping rate given by

A

v= hcmﬂa

(3.2)

where A is the pump wavelength, w is the radius of the pumping beam, h is the
Planck constant, ¢ is the speed of light in vacuum and o is the absorption cross
section of the transition 2F7 /5 —? Fj/5. By analyzing eq. 3.1, it is possible to define

the quantum efficiency (1) and the inhibition efficiency (¢) as

A
= 3.3
1 Ar + Wn'r’NO ( )
WnrNO
= 4
© Ar + WnrNO (3 )
The dynamic and stationary solution of eq. 3.1 are

Ni(t) = Ni(0)exp(—t/7) (3.5)

¢ Ny
Ny=—"——"P 3.6
' Ar + WnTNO ( )

From Equations 1 and 5, and what is reported in the literature, the lifetime is
defined as 1/7 = A, + W,,, Ny and does not depend on the excitation power. The
above was confirmed experimentally and shown in fig. 3.7. On average, the lifetime

is 7 = 1.755 + 0.021(ms) or

Ap 4+ W, Nog =570 £ 6.82(s71) (3.7)

The emission intensity is intrinsically related to the quantum efficiency of a ma-

terial, therefore they can be related as follows
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[ =CnN (3.8)

where [ is the emission intensity and C; a constant of proportionality. Then,
using eq. 3.3, for two different concentrations of Y% is true that
I(l)  No(l) Ap+ Wy Ny

where the variables with (1) correspond to those of the sample with the low-
est concentration. In order to determine a value for eq. 3.9, a sample of Sr/Zr
with a lower concentration of Y3" was synthesized. The emission intensity of that
sample was measured, normalized and the ratio with the emission of PTSrZrl was

determined as

Ar + WnrNO
Ay + Wi No(1)

Using the values of Ny(I) = 6.54x 10" (ions/cm?) and, Ny = 7.03x10% (ions/cm?),
with eq. 3.7 and 3.9 is possible to determine that A, = 22.6 4+ 2.09(s™') and
W, = 7.80 £ 0.47 x 10719(cm3s™1).

= 0.722 +0.016 (3.10)

Thus, using egs. 3 and 4 which describe the quantum and quenching efficiencies,
we have that n = 0.0399 £ 0.00611 and ¢ = 0.960 + 0.117. Which, in summary,
indicates that only a small amount of the absorbed energy is converted into emission

photons, being mostly transformed into heat.

3.3.2 Thermodynamic model

In order to expand the understanding of the PTT effect of the material, we propose

the following differential equation
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dn1

—r = am + bng P + an,, (3.11)

ng + N1 = Ny, (312)

where ng(phonons/cm?) is the fundamental vibration density of the material and
ny (phonons/cm?) is the vibration density when it is subjected to LD pumping P(W).
Therefore, intrinsically there must be a maximum vibration and in turn originated by
the interaction with the environment, which will be denoted as n,,(phonons/cm?).
n,(phonons/cm?) is the vibration originated by the room, and a(s™!) is the energy
rate of loss or gain of the material when it interacts with the environment. The rate
of conversion of the pumped energy to vibration is denoted by b(J~!). Considering
that at the macroscopic level, a vibration could be related to a temperature, eqs.

3.11 and 3.12 could be rewritten as

drT
To+T =1,
(3.14)
T7(0) =T,

where T, Ty, T,, and T, (°C) are the material, minimum, maximum, and room
temperature, respectively. The stationary solution of eq. 3.13, if it is considered that

the excitation power does not vary with time, is

b1 P +aT,
~ bP+a

However, if we consider that the excitation power obeys a rectangular pulse that

(3.15)

varies in time (which is how the measurements in fig. 3.8 were made) as follows
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P(t) = (3.16)
where t. is the cut-off time, where the beam is interrupted. Considering the sec-
ond part of the eq. 3.14, i.e. that at time t=0 the material is in thermal equilibrium

with the environment, the dynamic solution of the eq. 3.13 is

(Tr—Tm)bPoe~ (@ PO 4 b Py T +aTy

, t<t,
= bljo—m) (at+bPytc) (3.17)
bPo(Tyn—Ty) (e~ a(tHte) e~ (at+bPyte))
; bPo+a , te <t

Fig. 3.10 shows the results of the PTT characterization of the PTSrZr1 sample
together with the data obtained with the proposed model. For the data shown it is
found that a = 0.0464s7 %, a/b = 1.521.J/s, T,,, = 348°C and T, = 27°C
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Figure 3.10: Comparison of the proposed theoretical model with the experimental results
of the PTSrZr1 sample of the (a) maximum temperature reached after 60 s of irradiation
and (b) the evolution of the temperature in time and state (on/off) of the 975 nm LD at
310 mW (¢, = 60s).
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According to the results obtained, the PTZr sample presents the best PTT per-
formance when irradiated with a 975 nm LD, so ideally (if only that effect would
matter) it would be the best sample to use in the anti-counterfeiting application.
However, compared to the PTSrZrl sample, it is composed of SrC' O3 which is less
expensive than ZrQ,, the melting point is lower (which allows for ease of synthe-
sis) and the particle size is smaller for PTSrZrl than for PTZr (which allows for
better suspension in ink). In addition, the temperature difference between these
samples is only 8 %. Therefore, it was determined to use the PTSrZrl sample for

the anti-counterfeiting application described in the following section.

3.4 Anti-counterfeiting approach based on a ther-

mochromatic pigment

The anti-counterfeiting application has two important bases, one is the PTT effect
of the PTSrZrl sample and the other is the thermochromatic effect of a pigment
(Th-P) of the Grupo Sanchez brand. The Th-P has a threshold temperature of
40 °C, below this temperature the color is black, while at higher temperatures the
coloration becomes white, and this process is reversible. The damage temperature
is approximately 200 °C. The proposed security system was designed to be printed,

for which the inks in table 3.2 were manufactured.

In order to design the system with the highest possible security level, two different
approach were designed, fabricated and tested. The approaches were manufactured
using the inks of table 3.2 and following the order of figures (3.11a-b). It was ensured
that the paper and acetate used as substrates in the proposals did not have absorption

in NIR by means of the measurement of reflectance spectra. In such a way that
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Table 3.2: Composition of the prepared inks used for printing the anti-counterfeiting

approach.

Ink Varnish Th-P PTSrZrl uZrO,
(wt%)  (wt%)  (wt%) (wt%)

Th-P-ink 80 20 0 0
PT-ink 80 0 20 0
Inert-ink 80 0 0 20

with this we make sure that there would not be an affectation to the photothermic
effect of the PT particles. Since the threshold temperature of Th-P is 40 °C, it was
determined to use 310 mW of the 975 nm LD, since at that power the temperature
of the PTSrZr1 sample is approximately 80 °C (fig. 3.8).

Fig. (3.11a) shows the first, and simplest, proposal for a printed anti-counterfeiting
system. As shown, a sheet of acetate was used as substrate and a simple code (letter
"M”) was written on it with a conventional permanent marker. As a final layer,
the code was covered with a layer formed by a combination of Th-P and PT -inks.
To reveal the hidden letter it is necessary to proceed with the following effect: by
irradiating the printed system with a 975 nm LD, the PTT effect of the PTSrZr1
particles is activated, thus raising its temperature. Once the temperature of the
PT-ink reaches 40 °C the thermochromatic reaction of the pigment in the Th-P-ink
starts, changing its color from black to white and revealing the background code.
When irradiation is stopped, cooling starts and the code is hidden again. However,
when subjected to a general heating of 60 °C from an hotplate, the thermochro-

matic effect of the Th-P-ink is activated and thus the code is revealed (fig. (3.12a)).
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Figure 3.11: Schematics of the design of the (a) simple and (b) complex proposed systems.
(¢) Photograph of the second fabricated system, showing its flexibility. (d) Thickness
measurement of the second fabricated system. The box shows the dimensions of the print

and the green line shows the direction in which the measurement was made.

Therefore, although the proposed system does activate at a specific wavelength, the
simplicity of activation by a generic heat source makes it not a good choice for a

printed security system.

Fig. (3.11b) shows the design of all the layers that make up the second anti-
counterfeiting proposal. On a sheet of acetate, and using PT-ink, the letters " CIO”
acronym for Centro de Investigaciones en Optica (Optics Research Center) were
printed. To increase the security of the system, the second layer, with Inert-ink
ink, was deposited around the first without covering it. The previous deposits were

covered with a layer of Th-P-ink, in order to cover the contrast between the previous
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layers. Despite containing different deposits, the system retains the flexibility of the
acetate, allowing a wide range of options for future application (fig. (3.11c)). Fig.

(3.11d) shows the thickness profile of the printed system, which is about 100 pm.

LD off LD on 60 °C

Figure 3.12: Photographs of (a) simple and (b) complex approaches with LD in mode off,
on (630 mW) and under 60 °C.

The process of revealing the code in the system shown in fig. (3.11b) is initiated
by irradiating the 975 nm LD. The PTSrZrl particles, in PT-ink, absorb the LD
radiation, thus activating the PTT effect described in fig. (3.8). Even if the LD
radiation hits the surrounding region formed by the Inert-ink, it will not raise its
temperature and will stay away from the threshold temperature of the thermochro-
matic pigment. Therefore, in the Th-P-ink layer, there will only be a color change
in the region covering the area with the letters 7CIO” (fig. (3.12b)), because it is
the only region that raises its temperature when irradiated with the 975 nm LD (fig.
3.13). As described in fig. (3.5b), there is only one transition allowed in the Yb3"
ion, so there should be no PTT effect when irradiating the PT-ink particles with

another wavelength. Therefore, irradiation with an 808 nm LD at different powers
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(from 310 to 2000 mW) to the system in fig. (3.11b), did not produce a color change
or code revelation. On the other hand, unlike the first proposal, if the printed system
of fig. (3.11b) is placed on a hotplate at 60 °C, the color change will be homoge-
neous but it will not be possible to see a contrast between the first two layers (fig.
(3.12b)). Therefore, the proposed system has potential to be used in printed security
processes, since it maintains the restriction of disclosure to a single wavelength and,
it is not susceptible to any heat source. In addition, the simplicity of printing and
the accessibility of the equipment necessary for its disclosure offer advantages over

the systems proposed in the literature.

Figure 3.13: Impression temperature of the complex system when irradiated with a 975

nm LD at 310 mW. The print temperature rises to approximately 50 °C.
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Chapter 4

Synthesis and characterization of

LaBOg3 based ceramics.

As mentioned in previous chapters, there are few works where the temperature is
used in the decoding process in security systems and much less is the PTT effect
used. Therefore, it is still a novelty to implement such processes in security printing

applications.

In the present work, we show another proposal in anti-counterfeiting printed
systems using PTT particles. For this purpose, LaBOs3 ceramic particles were syn-
thesized and characterized structurally, spectroscopically, and photothermally. Sub-
sequently, these were combined with a transparent vinyl varnish to be used as ink in
the printing of codes, in such a way that when LD radiation is incident, images are

generated and the only way to resolve them is through a thermal camera.

57
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4.1 Synthesis method: Solid-state reaction

It was decided to use the solid-state reaction method as the synthesis procedure
due to its chemical yield, the possibility of microparticle generation, and the non-
generation of residues. For this purpose, the compounds boric acid (H3BO3) as the
precursor of boron oxide (B203), lanthanum oxide (Laz03), and neodymium oxide
(Ndy03), all with a purity higher than 99 %, were used as reagents. In order to op-
timize the structure of the samples and at the same time to obtain an efficient PTT
effect, multiple samples were fabricated, following the compositions in Table 4.1. As
described, the amount of B,O5 was fixed at 50 mol %, while the ratio between La,Os
and NdyO3 was varied. Individually, and for each sample, stoichiometric amounts
of each precursor were weighed (Sartorius CPDA225D, 0.00001 g), and mixed in an
agate mortar for 10 minutes. The mixture was then placed in an alumina crucible
to be sintered, in a preheated furnace (KSL-1700X bench-top furnace, MTI corpora-
tion), at 1100 °C in air for three hours. As a result of the sintering process, partially
molten micrometer particles were obtained and dry milled for 30 min (MSK-SFM-1;
MTT corporation) in order to obtain a homogeneous size for PTT characterization
and implementation in the anti-counterfeiting application. Pellets of 10 mm diam-
eter were formed from each sample, by weighing 0.5 g and compressing the powder
at 8 MPa for 10 min (EQ-YLJ-40T, MTT corporation), which were used to measure

PTT responses.

4.2 Characterization

This section shows the results of the characterization of the fabricated LaB(O3 sam-

ples. The crystal structure was determined by XRD, while the particle size was
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Table 4.1: Parameters for the synthesis of LaBOs : Nd** particles.

Sample  ByO3 (mol%) LayOs3 (mol%) NdyOs (mol%)

PTNd10 20 40 10
PTNd20 50 30 20
PTNd30 20 20 30
PTNd50 20 0 20

estimated using SEM. Both techniques allowed to estimate if the material fulfilled
the necessary properties to use LaBO3 as a PTT material. In order to confirm the
low efficiency of the material, emission spectra were measured as a function of the
concentration of the active element (Nd*"). After fabrication, the PTT response

was measured.

4.2.1 XRD

Measurement of diffraction patterns was performed in a range of 20 to 70° with a step
of 0.02° at a time of 0.5 s~ with the D2 PHASER 2nd GEN, BRUKER equipment.
Phase identification and estimation of the percentage of phases were determined with
DIFFRAC.EVA software (BRUKER), filtering by chemical composition in the ICDD
PDF-2 Release 2013 database.

Fig. (4.1a) shows the diffractograms of the PTNdX samples (X=10,20,30,50),
where it can be seen that there is no amorphous phase present. Due to the com-
position and fabrication parameters, all samples present, in some proportion, the
orthorhombic crystal structures of LaBOs and/or NdBO;3 (PDF’s 00-013-0113 and
00-012-0756, respectively) with a Pnma space group (62). As the concentration of
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Nd3t in the samples increases, the percentage of the NdBO; phase does the same
while that of LaBOj3 decreases, as shown in fig. (4.1b). For example, in sample
PTNA10 the highest concentration corresponds to the LaBQO3 phase, while for sam-
ple PTNd50, only the NdBOj3 phase is present.
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Figure 4.1: (a) XRD patterns of PTNdX (X=10, 20, 30 and 50) samples, where NdBOs3
(00-012-0756) and LaBO3 (00-013-0113) phases are present. (b) Relative concentration of

the NdBOs crystalline phase in the samples.

The crystalline phases present in the PTNdX samples belong to the family of
RE borates (REBQOs), which have been studied for their optical and structural
properties, among which stand out their transparency in the UV region, high thermal
stability, and exceptional optical damage threshold [1]. However, as mentioned in
section 3.2.4, a fundamental property for a PTT matrix is low thermal conductivity.
REBOs family exhibits a polymorphism, determined by the radius of the RE3*
cation, given by orthorhombic, hexagonal, and rhombohedral structures [2—4]. It has

been reported in the literature that RE BO3; materials with orthorhombic structures
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have low thermal conductivities [5]. Therefore, having orthorhombic LaBO3 and
NdBOj phases, PTNdX samples have the potential to be used as PTT matrices,

since low thermal conductivity means poor heat dissipation [6].

4.2.2 SEM

Since the objective of the synthesized materials is to be used in a printed system,
it is essential to know the size of the particles that comprise it. Therefore, a JSM-
7800F SEM (JEOL) was used. This instrument is located in a room with a fixed

temperature of 20 °C and was used in secondary electron detection mode at 1kV.

Regardless of the composition, the resulting material for each of the manufactured
samples is similar; a powder consisting of partially melted micrometric particles,
without a defined size, and of varying size. This is because the melting point of
Las05 (2315 °C) and NdyO3 (2233 °C) is similar, so physically the synthesis process
is not drastically modified. Therefore, representative of all the samples, fig. (4.2a)
shows the SEM image of the PTNd30 sample just after sintering. Similarly, fig.
(4.2b) shows the EDS image of the sample, in which the distribution of the elements
that make up the sample can be observed. Although each of the elements is observed
distributed throughout the material, heterogeneity in the distribution is observed,
mainly in the images of La and Nd. This may be since the La>,O3 and Nd,O3 phases
(fig. (4.1a)) may be sectionally concentrated in the sample.

In the previous chapter, it was showed the results of the synthesis of ZrO, and
SrZrQOs, which requires a long synthesis process and high reaction temperatures
(milling in solvent for 4 h, drying at 100 °C for 24 h, and sintering at 1550 °C for
6h) [6]. When compared to the synthesized REBOj3, the synthesis of the latter is

shorter and the temperature required is lower, 3 h and 1100 °C respectively. In
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Figure 4.2: (a) SEM image and (b) EDS mapping of PTNd30 sample after sintering

process.

addition, the hardness reported for the orthorhombic crystalline phase of REBO;
is lower, allowing smaller particles to be obtained more easily [7-9]. Regarding the
physical properties, the RE BO3 family has advantages to be exploited in a practical
application, both for its practical production method, as well as the improvement in
size reduction. This allows a better suspension in inks, thus helping to improve the

printing quality.

4.2.3 Spectroscopic characterization

In concordance with the information presented in section 3.2.3, NIR reflectance spec-
tra of the samples were performed using a Cary 5000 UV-Vis-NIR spectrophotometer
(Agilent) in a range from 650 to 950 nm in order to know the NIR excitation region
for the activation of the PTT effect. Emission spectra were measured to evaluate the
effect of Nd®>* concentration in the sample. These were obtained over a range from

1000 to 1450 nm using an 808 nm LOD at 0.57 W and a monochromator (Acton
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Instruments SP-2300i) coupled to an InGaAs detector (Thorlabs DET10C) to collect
the data.

A new sample labeled PTNdO, which has a concentration of 0 mol% Nd»Os,
was synthesized. This sample was occupied in the anti-counterfeiting approach, so
it was also characterized. Fig. (4.3) shows the reflectance spectra of the PTNdX
samples (X=0,10,20,30,50), where the absorption transitions belonging to the Nd**
ion are indicated. Among these, the transitions with the highest absorption intensity
correspond to Iy, —* 30 +* Frjs and *Igjs —* Fio +2 Hyje, which are centered
at 740 and 808 nm, respectively. Taking into consideration a practical application,
the 808 nm LD is more commercially available and economical, so it was used as the

excitation source for both photoluminescent and PTT characterization.

Emission spectra were measured in the NIR region from 1000 to 1450 nm, using
808 nm LD excitation at 0.57 W. Fig. (4.4) shows that the main emission bands
are centered at 1060 and 1320 nm, which correspond to the *F3n —* I/ and
1Ry /2 —4 15 /2 transitions, respectively. Due to the high concentration of N d** in the
synthesized samples, it was not possible to measure the emission spectra of PTNdX
(X=20, 30, 50) samples, so samples with 1, 3, 4, and 5 mol % Nd>* were synthesized.
This is in agreement with what is reported in the literature, wherein some reports
of boron-based materials with Nd®" concentrations higher than 1 mol% present a
drastic drop in the emission intensity [10,11]. Qualitatively it can be mentioned that
the drop in emission intensity with increasing Nd®* concentration means a reduction
in the quantum efficiency of the material. This will mean an improvement in the

PTT response of the material, as demonstrated in section 3.3.1.
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Figure 4.3: Reflectance spectra of PTNdX (X=0,10,20,30,50) samples. Transitions from

the 41, /2 ground state to excited levels are indicated.

4.2.4 PTT characterization

The PTT characterization was performed using the same setup as described in section
3.2.4. Individually and from room temperature, each pellet of each sample was
irradiated for one minute using an 808 nm LD at a fixed power. At the end of the
period, the maximum temperature was recorded with the Keysight U5855A TruelR
thermal camera and immediately after that, the LD path was interrupted. When the
sample temperature reached the ambient temperature, the LD power was increased,

the beam path was unblocked and the process was repeated for each power.

Fig. (4.5a) shows the heating process that the PTNd30 sample undergoes as
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Figure 4.4: Emission spectra of PTNdX samples (X=1, 3, 4, 5 and 10) in the range of
1000 to 1450 nm at 0.57 W of 808 LD excitation.

the excitation power of the 808 nm LD is increased. The maximum temperatures
recorded for each of the samples at each power are shown in Fig. (4.5b), where it
can be seen that there are no significant variations for each measurement. At low
irradiation powers (less than 0.015 W), the temperature in all the samples remains
very close to the ambient temperature of 25 °C. However, it is clear that, as the
excitation power increases, the temperature of the samples increases significantly.
So much so that when excited at 2.1 W, all samples exceeded 200 °C temperature.
Each measurement was repeated 30 times, i.e. each sample was irradiated 30 times
at each power and there were no significant variations. This means that the samples

did not suffer any damage at either low or high power, which is related to the
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extraordinary optical threshold damage associated with the REBOj3 family [1].

0 100 200 300 °C

(=}
|

Figure 4.5: (a) Thermal images of the PTNd30 sample at different excitation powers of
the LD. (b) Maximum temperature recorded after one minute irradiation of the PTNdX

samples (X=10, 20, 30, 50) with the 808 nm LD at different powers.

At all excitation powers, the PTNd50 sample generates the most heating when
excited with the 808 nm LD, followed by the PTNd30, PTNd20 and finally PTNd10
samples. For example, at 2.1 W the temperatures generated were 300, 284, 262
and 220 °C corresponding to samples PTNd50, PTNd30, PTNd20 and PTNA10,
respectively. As mentioned in section 3.2.4, the PTT effect is highly correlated to
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two parameters, low thermal conductivity and the dopant concentration. In the PT-
NdX samples, LaBO3 and NdBQO3 phases are present, which are associated with
low thermal conductivity [5]. Therefore, the variations in fig. (4.5b) could be fun-
damentally associated with variations in the concentration of Nd3*, since a higher
concentration increases the absorption and at the same time increases the probabil-
ity of non-radiative transitions [12]. With this, the probability of photon emission
decreases, which means a decrease in quantum efficiency and therefore the PTT re-
sponse improves [6]. Therefore, the PTT effect predominates as the concentration

of Nd** in the PTNdX samples increases.

As described in section 3.4, there is a selectivity of the PTT effect which depends
on the RE*" ion used in the PTT matrix. This can be seen in fig. (4.6a), where
the PTNd30 sample is excited with LD 808 and 975 nm. As previously described,
at 808 nm the temperature increases considerably with increasing excitation power,
reaching up to 284 °C at 2.1 W. However, using 975 nm only generates heating of 37.7
°C at the same power. This is because at 975 nm Nd>** does not show any absorption
band. In order to demonstrate the dependence of the PTT effect on the dopant, a
sample labeled PTYb30 was synthesized, which contains 30 mol% of Yb,O5 instead
of NdyOs. The only allowed transition in Yb3* is centered at 975 nm (as shown in
fig. (3.5b)), so by exciting at this transition it is possible to generate heating in the
sample. Fig. (4.6a) shows the above, with a 975 nm LD at 2.1 W it is possible to
generate heating in the PTYb30 sample of about 290 °C, which is far from the 37.5
°C generated when exciting with an 808 nm LD at 2.1 W. This important feature of
the synthesized materials shows the selectivity of the PTT effect, which can be used

as a security element in the anti-counterfeiting printed proposal.

As shown in fig. (4.5b), the heating of the samples is directly related to the

excitation power. However, the power also has a relationship to the heating rate
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Figure 4.6: (a) Comparison of maximum temperature reached by the PTNd30 and
PTYDb30 samples upon 1 min of 808 or 975 nm LD irradiation. (b) Temperature of the
PTNd30 sample over time as a function of the state (on or off) of the 808 nm LD. (c)

Normalized temperature of PTNd30 sample at different 808 nm LD excitation power.

of the samples. In order to elucidate the above, the temperature evolution in the
PTNd30 sample was measured as a function of the state (on/off) of the 808 nm LD
at different powers, which is shown in fig. (4.6b). When the LD is turned on, heating
occurs and when it is turned off, subsequent cooling occurs, which happens regardless
of the excitation power. However, by normalizing the measurements in fig. (4.6b), it

can be seen that the heating rate, i.e. the rise time, is reduced at high powers, while
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the cooling (falling time) does not show significant variation (fig. (4.6¢). Since being
the same sample, PTNd30, there is no change in composition or properties (Nd>*
concentration and thermal conductivity are the same), the only parameter to which
the rise time variation can be associated is the pumping power. In other words,
increasing the excitation power increases the number of photons interacting with
Nd3** and hitting the sample, which in turn generates a change in the heating rate.
In the cooling process, while the LD is off, there are no significant changes because
this only depends on the environment. If a fast response time is required within the
proposed anti-counterfeiting system, a high excitation power would certainly be best.
However, when considering the feasibility, this would imply a great risk to the users
of the system in real conditions. Therefore, a compromise between a fast response
time and a sufficiently high temperature according to the design of printed system is
necessary. With these considerations, it was decided to use 0.150 W of power, which
is sufficient to achieve a thermal image in the anti-counterfeiting approach (to be

discussed in more detail in section 4.3).

The results presented in this section show that all PTNdX samples present a
more efficient PTT conversion than reported matrices with the same effect, such as
SrZ0Oz and NaY Fy [6,13,14]. This is noteworthy since at lower excitation powers
they reach similar temperatures. Comparing the results obtained in the previous
chapter and the present one, the PTNdX samples, in addition to their superior PTT
effect, show advantages such as cheaper precursors, shorter synthesis times, and lower
sintering temperatures. Therefore, considering oxide matrices to generate a PTT ef-
fect, PTNdX samples are overall better. As shown in fig. (4.5b), the PTNd50
sample generates the highest temperature upon excitation, being the maximum dif-
ference of 5, 12, and 26 % with the PTNd30, PTNd20, and PTNd10 samples at 2.1

W. However, this sample is also the one containing the highest amount of Nd**,
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which means that it is the most expensive to synthesize. Therefore, understanding
the trade-off between PTT response and synthesis price, the PTNd30 sample was

selected to implement the anti-counterfeiting system based on thermal imaging.

4.3 Anti-counterfeiting approach based on ther-

mal images

Similar to that described in section 3.4, the anti-counterfeiting system developed in
this chapter is based on the PTT effect generated by PTNd30 particles. However,
it focuses on the generation of contrast-generated thermal images acquired by the
Keysight U5855A TruelR thermal camera. As a printing method, screen printing
was used, since, in addition to the simplicity and economy of the system, it offers the
possibility of a large number of prints per hour [15]. For this purpose, the AT 25PA
(ATMA) equipment was used, which allows to regulate the speed and the pressure of
dragging, which were kept fixed in all the prints made. To make the prints, different
inks were prepared, with the compositions shown in table (4.2), for which a Grupo
Sanchez vinyl varnish was used as support. The designed system was implemented
using a matrix of dots so that each of them functioned as a variable. Fig. (4.7)
shows the negative of the design as well as the mesh used for printing. Each of the
dots had a diameter of 1 mm, which coincides with the spacing between them. To
exemplify, but not to be restricted to, a design of 5x11 dots (9x21 mm?) was used.
Each point can function as a variable or can be combined in order to make the design
more complex. Using the advantages of the printing method, the hidden codes were

printed on various substrates, including paper, acetates, banknotes, and more.

The first approximation of the system based on thermal imaging is shown in fig.
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Table 4.2: Parameters of the inks manufactured for the anti-counterfeiting proposal.

Ink Vinyl Varnish PTNdO PTNd30 PTYb30
(wt%) (wt%)  (wt'%) (wt%)
Inert-Ink 80 20 0 0
PTNd-ink 80 0 20 0
PTYb-ink 80 0 0 20
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Figure 4.7: Negative used for prints where the 55-dot matrix dimension is indicated. It

also shows the mesh used for printing.

(4.8). It shows how, individually, PTNd-ink and PTYb-ink were used. In design
(a) there is an 11-dot cross printed on acetate and as a second layer, the 55 dots

of Inert-ink in order to hide the code. When irradiated with 808 nm LD at 0.150
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W the PTNd30 particles begin to heat up to approximately 48 °C, and through the
thermal camera, and by the contrast between the ambient temperature, the image
of the cross is generated (fig. (4.8a2)). Only the 55 dots can be seen with the naked
eye (fig. (4.8a3)). In fig. (4.8b1), the first layer consists of the letters ” CIO” printed
with PTYb-ink and covered with 55 dots of Inert-ink. When excited at 975 nm LD
at 0.150 W, the heating of the PTYb30 particles generates the thermal image where
the dots of the hidden code can be seen (fig. (4.8b2)). Again, with the naked eye, it
is only possible to distinguish the 55 Inert-ink dots (fig. (4.8b3)).

(a) (b)

Figure 4.8: (a) Printed system using only PTNd-ink and Inert-ink. (1)Layer design
printed on acetate, Image at (2) thermal camera and (3) naked eye upon excitation of
the system at 808 nm. (b) Printed system using only PTYb-ink and Inert-ink. (1)Layer
design printed on acetate, Image at (2) thermal camera and (3) naked eye upon excitation

of the system at 975 nm.

The second approach involves a higher complexity since PTNd-ink and PTYb-

ink were combined, thus exploiting the selective character of the synthesized PTT
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particles. Fig. (4.9a) shows the scheme of the anti-counterfeiting design, combining
the manufactured inks, and in which the order of the layers printed on acetate is
indicated. The first layer consists of an "L.” formed by 5 dots of PTNd-ink, while
the second layer was composed of an inverted ”L” of 5 dots but of PTYb-ink. To
cover the previous layers, 55 dots of Inert-ink were deposited on the third layer.
As previously mentioned, the printed system offers the versatility of deposition on
various substrates, as shown in fig. (4.9b-c), which are photographs of the code in
fig. (4.9a) on paper and acetate. As can be seen, it is only possible to define the
55-point matrix and not the first two layers. Although the design includes several
layers, this does not reduce the flexibility of the substrate (fig. (4.9d)), since the

final thickness of the deposits is 15 pum approximately (fig. (4.9¢)).

Unlike the simple codes, which were only developed using a single excitation
wavelength, in the disclosure of fig. (4.9a) the 808 and 975 nm LDs are involved,
thus generating a revelation sequence. Fig. (4.10) shows the revealed sequence, where
the images with single and simultaneous excitation are shown. Using the thermal
camera, with the 808 nm LD, the "L” of the first layer printed with PTNd-ink is
shown, while with 975 nm only the inverted ”"L” of the second layer is shown. Upon
simultaneous excitation of 808 4+ 975 nm, the image generated is that of a square
with 3 dots per side. In all three excitation cases, both the substrate and the Inert-
ink printed dots were maintained without temperature increases, which allowed the
formation of the three thermal images cases. In the three instances, it is only possible
to see with the naked eye the dots that make up the 55-dot array, since all decoding
happens through the thermal camera, restricting the development to that channel
only. As mentioned in section 4.2.4, a trade-off between heating rate and temperature
is required, and although the particles are immersed in varnish, the image is displayed

about 3 s after excitation has started. This indicates that the varnish does not affect
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_-
Figure 4.9: (a) Diagram of the proposed system showing the order of the layers and the
ink used in each one. The colors used in the scheme are merely illustrative and were
selected to differentiate each of the layers. (b) Printing of the system on paper (indicated
in red box), the size is indicated as well as the path for thickness measurement (green line).

(c) Printing on acetate. (d) Image of the complex system, showing the flexibility of the
deposited layers. (e) Thickness of the proposed system.

the PTT response. As mentioned above, the selection of a low excitation power is
for the safety of the user, however, it was also determined because at high excitation
powers the dots that make up the images lose resolution. This may be the case that

the individual character of the dots is lost or that even excessive heating generates
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unreadable spots. The proposed system allows the resolution of a code using specific
wavelengths in the NIR region, it has the particularity of being wavelength-selective
and requires a thermal camera for its implementation. This offers different levels of

security, which are adaptable to the specifications and requirements of a product.

808 nm  975nm  808+975 nm | High power troubles
(Thermal camera)

Naked
eye

Thermal
camera

(a) (b) (c) (d)

Figure 4.10: Disclosure sequence with the naked eye and thermal imaging of the printed
system under an excitation of (a) 808 nm, (b) 975 nm and (c) 808 and 975 nm. (d)

Examples of the effects of using high excitation powers in printed systems.

To increase the security levels in the anti-counterfeiting system and to take advan-
tage of pumping, micrometric NaY Fy : 20Y' 0T /3Er3* green upconversion emission
particles, commercially available from Sigma Aldrich, were added. Similar to the
PTT inks in Table 4.2, the upconversion particles were added to a vinyl varnish at
a concentration of 20 wt% to form the UPC-ink. The design and order of the layers
printed with the new ink are shown in fig. (4.11a), in which all the manufactured inks
have been combined in order to illustrate the potential of the proposed system. The
first layer, printed with PTNd-ink, forms a 5-dot ”L”, while the second layer, printed
with PTYb-ink, is the inverted "L”. The third layer was printed with UPC-ink and

consists of an 11-dot cross. Finally, on top of all the layers, the 55-dot matrix was
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printed with Inert-ink. Since the inks were combined, the hidden code will be re-
vealed by following a sequence with the excitations (fig. (4.11b-d)). When the print
is irradiated with 808 nm, visibly no information is available, while in the thermal
camera the "L of the first layer is shown. When excited with 975 nm the inverted
"L” of the second layer can be seen in the thermal camera and simultaneously visibly
(in green color) the cross of the third layer is visible. Simultaneous excitation of 808
and 975 nm LD shows the 3-dot square per side in the thermal camera and the cross
with a visible emission. The system offers higher levels of security since it combines
the thermal (PTNd+PTYDb inks) and visible channels, and both excitation LD are
used for its decoding sequence.

As a proof of concept, a system was designed, printed, and tested on a cardboard
medicine package. The first layer, which contains the information for the thermal
channel, was printed with PTNd-ink in a 5-point inverted "L” shape. The second
layer was printed using UPC-ink and with the ”CIO” information, which will serve
for the visible channel. And as has been done up to this point, the third layer was
printed with Inert-ink. The revelation sequence follows the next order, with 808 nm
only the five dots of the inverted "L” are shown in the thermal camera, with 975
nm only the letters ”CIO” are visible, and with the simultaneous excitation, both
images are generated in their respective channels. As this is a commercial product,
the cardboard used is generic for such use and, as can be seen, does not generate
noise or modify any image. As illustrative, but not restrictive examples, different
use cases of the system printed on medicine boxes, banknotes, and business cards
are shown. The above examples are made of different materials, which do not affect
the printing, sharpness, or development of the codes, so the proposed system has the

potential to be used in these and other products.
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(a)
<—@Inert-Ink
- B3UPC-Ink
@PTYb-Ink
@PTNd-Ink
808 nm 975 nm 808+975 nm
Naked
eye
Thermal
camera

(b)

Figure 4.11: (a) Diagram of the system based on thermal and visible image. Disclosure
sequence with the naked eye and thermal imaging of the printed system under an excitation

of (a) 808 nm, (b) 975 nm and (c¢) 808 + 975 nm.
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Thermal
Naked eye camera

975 + 808 nm

808 nm 975 nm  808+975 nm

Naked
eye

Thermal
camera
(c) (d)

(A

(e)

Figure 4.12: (a) Diagram of the system based on thermal and visible imagen printed on
an interferon beta box. (b) Photograph of the interferon beta box indicating the security
system in the red box and the dimension of the box. Sequence of naked-eye and thermal
image disclosure of the printed system under (¢) 808 nm, (d) 975 nm and (e) 808 and 975
nm. (f) Examples of the application of the security system based on upconversion emission

and thermal imaging on different substrates, such as medicine boxes, banknotes or business

cards.
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Chapter 5

Conclusions

Two different security system strategies were designed, fabricated, and tested for
use in printed media based on the PTT effect of Ln3*-contaminated ceramic oxides.
For this purpose, matrices previously reported in the literature, but which had never
been reported as PT'T, let alone used in security applications, were used.
Comparing the Sr/Zr hybrid ceramics samples, it was determined that a low
thermal conductivity is crucial to improve the PTT response generated by the ab-
sorption of the dopant (3 W/mK for SrZrQOs). Excellent PTT response was verified
upon excitation with a 975 nm LD at different powers, which was much more effi-
cient than in matrices such as NaY Fy : 25Er3T or LaFy : Nd*T. That effectiveness
correlated to the low quantum efficiency of the samples, determined through a rate
equation model. Since few works explore the use of the PTT effect in security sys-
tems, this was used to design one in combination with a commercial thermochromatic
pigment. This has several advantages and novelties, including ease of printing, since
screen printing is used; high reliability and security, since a LD is required strictly
at the absorption wavelength of the material; and the practicality of the equipment

needed for decoding. These characteristics show the potential to be used in real

33
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printed applications to verify the legal provenance of products.

Based on the conclusion of the first approach, LaBOs : Nd*" and LaBO3 : Yb**
PTT particles were synthesized, which have a low thermal conductivity inherent to
their orthorhombic crystalline structure (less than 6 W/mK) and a poor emission
intensity. Using NIR LD, 808 nm for LaBOs : Nd** and 975 nm for LaBOs : YT,
the performance of the PTT effect was evaluated and found to be more effective
than that of the Sr/Zr hybrid oxide samples. In addition, the fabrication cost is
much lower because the precursors are cheaper, the synthesis is much simpler and
shorter, and the required temperature is up to 30 % lower. For each of the samples,
the thermal effect is selective and only generated with the wavelength corresponding
to its absorption, which was used to design a security strategy based on multilayer
codes that were revealed utilizing a thermal camera. Various security strategies were
demonstrated, using individual inks or combining them to generate complex codes
that were revealed through a sequence. To increase the range of options as well as
the level of security, commercial particles with upconversion emission were used so
that the visible channel was also included in the development sequences. Due to the
advantages of the printing system (screen printing), the high security produced by
the combination of excitation sources, and the development sequence in the thermal
and visible image, the proposed strategy presents the feasibility and potential to be
used in printed anti-counterfeiting media. Proof of this is the conceptual examples
made on medicine packaging, banknotes, and business cards.

The use of wavelengths in NIR in the designed approaches complicates the re-
production of the system as it is not a visible wavelength. In addition to improving
the printed system, since it avoids the generation of spurious radiation such as that
produced by UV sources on paper or textiles.

In the literature, the PTT response in the matrices synthesized in the present
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thesis has not been shown, in addition to the fact that it is higher than those re-
ported for materials such as NaY F} : 25E7r%" or LaF; : Nd*". Being a novel feature
reported for this type of materials, the applications of these materials are not re-
stricted to security but can be used in other applications such as PTT therapy or

energy applications.

Future work

Due to the novelty and potential of the samples, work can continue in the following

directions:

1. Deepening the origin of the PTT effect.

2. Reduction to nanometer size and evaluation of their PTT performance at that

scale.
3. Determination of the PTT conversion efficiency.
4. Dopant modification.

5. Evaluation for application in PTT therapy.
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Appendix A

Publications and Conferences

A.1 Publications

e Jorge Molina-Gonzalez, Gonzalo Ramirez-Garcia, Haggeo Desirena, and
Octavio Meza. Anti-counterfeiting strategy based on multiwavelength photother-
mal particles to disclose thermal imaging. Accepted, Ceramics International.
Abstract: Product counterfeiting is a major problem worldwide, not only be-
cause of the economic losses but also because of the negative impact it has
on society. Therefore, it becomes a constant need to propose advanced anti-
counterfeiting methods or technologies which, ideally, should be non-cloneable,
easy to implement, difficult to remove-reuse, and versatile. Although numer-
ous systems already exist on the market or in the literature, some of them lack
of the above specifications, which complicates their actual implementation. In
this contribution, an easy-to-print, safe and non-restrictive anti-counterfeiting
system based on the generation of thermal images by the photothermal effect of
LaBOs : Ln3T particles is proposed. Wavelength excitation, 808 or 975 nm, for
photothermal effect can be tuned by selecting properly the lanthanide ion (Nd

87
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or Yb). The temperature generated by the synthesized samples covers a range
from 25 to 300 °C approximately, when excited with the appropriate infrared
laser diode (LD) at powers from 0.015 to 2.1 W. Using a simple screen-printing
method, codes were printed using theLaBOs3 : Nd** and LaBOs : Yb*T par-
ticles, which allow the generation of simple or complex thermal images under
appropriate infrared laser radiation. The combination of the two synthesized
materials allows the generation of codes whose decoding is subject to a specific
sequence dependent on the excitation wavelengths. As a proof of concept, the
generated codes are printed on various drug packaging, as well as on banknotes
and business cards. Printing versatility and the security level generated by the
sequence of multiple excitation wavelengths of thermal and visible codes allow

the proposed system to be used in printed security applications.

Jorge Molina-Gonzalez, Abril Arellano-Morales, Octavio Meza, Gonzalo
Ramirez-Garcia, Haggeo Desirena. An anti-counterfeiting strategy based on ther-
mochromic pigment activated by highly Y b doped photothermal particles. Jour-
nal of Alloys and Compounds 850, 156709 (2021).

Abstract: The counterfeiting of products is one of the main crimes combated
by private companies and governments worldwide. Therefore, numerous anti-
counterfeiting mechanisms must be designed, and the photothermal properties
of rare-earth doped materials provide the opportunity to formulate increas-
ingly complex strategies. This work presents a series of highly Y5 doped
Sr/Zr hybrid oxide particles with distinctive photo-responsive features that al-
low the design of an innovative anti-counterfeiting system in combination with

a thermochromic pigment implemented by screen printing technique. Upon
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exposure of the samples to 975 nm laser diode (LD) irradiation, a fast increase
of the temperature was observed, reaching temperatures from 82 to 215 °C
according to the excitation power, and thus revealing the encrypted code dur-
ing some seconds in a reversible way. This unique photothermal response was
attributed mainly to the high amount of doping, and the inherent low ther-
mal conductivity of the developed matrices. The reliability of the proposed
system was systematically tested under different excitation wavelengths and
powers, and upon exposition to an extrinsic source of heat. Such evaluation
demonstrated the high-security level of the system, whose decoding can be per-
formed only with specific light in a narrow region of the near-infrared (NIR)
spectrum, additionally avoiding the use of more sophisticated equipment. The
great advantages, both in manufacturing and decoding, allow our system to be
implemented in anti-counterfeiting printing methods. In addition, we propose
two models, the first to describe the origin of the high-temperature increase in

our samples and the second to describe the dynamic temperature behavior.

e Rodolfo Pena-Rodriguez, Jorge A. Molina-Gonzalez, Haggeo Desirena-
Enrriquez, Erika Armenta-Jaime, José Maria Rivera, Silvia E. Castillo-Blum.
Doping of Zn-MOF with Eu?T and TV for application in the manufacture of
WLED. Journal of Materials Chemistry C (2021).

Abstract: A new blue light-emitting molecular—organic framework namely
FQUNAM-MOF (1) was synthesized in a simple way using formic acid and
zinc nitrate as precursors. In the present work, the potential of 1 as an ef-

ficient antenna for terbium and europium 3+ ions was evaluated at different

dopant ratios. The compounds labelled Euj% , Th3*@ 1 where n = 0.15, 0.18,
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and 0.21, are isostructural and their luminescence properties were studied in
detail. Excellent energy transfer occurs from the MOF-excited energy levels
towards the °D, state in T3, unlike Fu3" where the sensibilization predom-
inantly arises from the 5D, terbium state. These compounds exhibit a high
solid-state quantum yield (QY) from 23.4 to 48.5%, higher than the reported
values, and they show thermal stability at high temperatures. Additionally, a
white light-emitting device (WLED) was prepared using a resin in which 20%
(w/w) of the Eugg9Tboo1@1 compound (48.5% QY) was added. It displayed
a white-cold light emission colour according to the Commission Internationale
de I’E’clairage (CIE) classification (applying current values of 10, 30, and 100
mA). These materials contribute to the emerging field of molecular—organic

frameworks for the development of new efficient and stable lighting sources.

A. Benitez-Lara, H. Cisneros, E. Bautista, J. Molina, F. Morales, E. Morales-
Narvéez, J. Carrillo-Lépez, H. Desirena and O. Lopez. Implementation of an
inexpensive cathodoluminescence and electron beam induced current image gen-
erator coupled to a scanning electron microscope. Journal of Instrumentation
16, P04005 (2021).

Abstract: In this work, implementation of a novelty cathodoluminescence and
electron beam induced current image generator system for do in situ experi-
ments in a scanning electron microscopy (SEM) is presented. The equipment
is composed by one mechatronic system (MS) with interchangeable probes and
digitalization system programed with Labview. Porous silicon and Eus(WOy4)3
microparticles were characterized in cathodoluminescense mode with lumines-

cence peaks centered at 410 and 613 nm, respectively. For CL imaging, the
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emission signal is collected through a probe of nine optical fibers and trans-
duced to an electrical signal via a photomultiplier tube (PMT). In other way,
the configuration in EBIC mode was tested with commercial silicon monocrys-
talline solar cell to determine internal defects using a current mapping. How-
ever for EBIC imaging, the current is collected by two electrodes connected to
a picoammeter synchronized with the electron beam. CL and EBIC images are
compared with SE images and chemical elemental mapping images to correlate

the emission and defects regions of the sample.

e A.Arellano-Morales, J.Molina-Gonzalez, H.Desirena, J.M.Bujdud-Perez, S.Calixto.
High CRI in phosphor-in-doped glass under near-ultraviolet excitation for warm
white light-emitting diode. Journal of Luminescence 229, 117684 (2021).
Abstract:A series of phosphor-in-doped glass (PiDG) were fabricated through
a CO, laser heating, blending commercial green phosphor SrAl,O, : Eu?T and
Eu3*-doped boro-tellurite glass powders. Translucent PiDGs with low loss of
the emissive properties of the SrAl,O, : Eu** phosphor can be only achieved
through C'O, laser heating; whereas, sintering of PiDGs by means of the con-
ventional method (electric furnace) lead to opaque samples with loss of entire of
green emission. Long exposure time of the C'O, laser modifies the PiDGs melt
volume due to temperature rise, increasing their diameter and thickness. The
fast cooling of C'O, laser approach allows the sintering of transparent PiDGs,
avoiding opaque samples and low radiometric properties. A warm white light-
emitting diode (w-LED) prototype was fabricated by placing PiDGs on top
of a near-ultraviolet (n-UV) chip at 385 nm, showing a high color rendering

index (CRI) and a low correlated color temperature (CCT) of 88 and 2369 K
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respectively. However, a lower CCT with a detriment of CRI can be achieved
by using a low SrAl,Oy4 : Eu?T phosphor concentration. The PiDGs obtained
show enormous potential to be applied as a phosphor converter in warm w-

LEDs for residential applications.

A Arellano-Morales, J Molina-Gonzalez, H Desirena, J Hernandez, Ser-
gio Calixto. Fust sintering method of phosphor-in-glass for high-power LEDs.
Journal of Luminescence 214, 116546 (2019).

Abstract: Fast sintering of Phosphor-in-Glass (PiG) by means of CO, laser
heating has been successfully achieved. PiGs samples fabricated at different ex-
posure times were characterized and compared with a PiG sample synthetized
through an electric furnace. An exposure time as short as 30 s and 12 W of op-
tical power is necessary to sintering PiGs. Results show that the optimization
of C'O, laser approach can dramatically reduce up to 60 times the PiGs sinter-
ing. Luminous Efficacy (LE) of at least 79.7 Im/W as well as minimum Color
Rendering Index (CRI) value of 70 for all fabricated PiGs were obtained. Cor-
related Color Temperature (CCT) value decreased gradually as the C'O, laser
exposure time increased. These results show that PiGs samples, synthetized

with short exposure times, show excellent lighting properties.

Rodolfo Pena-Rodriguez, Jorge A. Molina-Gonzalez, Haggeo Desirena-
Enrriquez, José Ma Rivera-Villanueva, Silvia E. Castillo-Blum. Tunable lumi-
nescence modulation and warm light emission of Zn-MOF' (4,4-bipyridyl and
zinc acetate) doped with Eu3+ and Tb3+. Materials Chemistry and Physics
223, 494-502 (2018).
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Abstract: Herein, we describe the synthesis and doping of Zn-MOF (4 4-
bipyridyl and zinc acetate), crystallographic structure, optical properties of
heteronuclear coordination polymers with emission in the visible (Fu3t/T0?"
and Zn-MOF). The MOF presents a linear structure in the form of a nanotube.
Density functional theory (DFT) and time dependent-DFT calculations were
performed on the ground and excited states of Zn-MOF to provide insight of
geometries, frontier molecular orbitals, and singlet and triplet state energies of
the polymer. The metal-organic framework was doped with Eu3t or Th3t in
different proportions (Fugs5_,10,QZn — MOF, when n=0.00, 0.05, 0.10, 0.15,
..., 0.5). The doped Zn-MOFs exhibit the typical red and green emission cor-
responding to Eu®t and Th3* ions, respectively, energy transfer from MOF to
metal ions takes place (“antenna effect”). It is noteworthy that the emission
color of the lanthanides doped Zn-MOFs changes from red to orange-yellow-
green depending on the proportion between Eu?t and Th3*. These compounds
presented a 7 ranging from 1.29 to 1.62 and 1.06 - 1.56 ms for Eu?* and Tb3,
respectively, and the corresponding absolute quantum yields values range from

38 to 61%.

e Haggeo Desirena, Jorge Molina-Gonzalez, Octavio Meza, Priscilla Castillo,
Juan Bujdud-Pérez. Multicolor and Warm White Emissions with a High Color
Rendering Index in a Th*" | Eu*T-Codoped Phosphor Ceramic Plate. Materials
12, 2240 (2019).

Abstract: A series of Th3"/EuT-codoped phosphor ceramic plates with a
high color rendering index (CRI) for a near-ultraviolet light emitting diode

(LED) were fabricated. Color emission can be tuned from green to reddish
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as a function of Fu3t concentration. By doping only 0.15 mol% of Eu3t
concentration, a comfortable warm white emission is promoted as a result of
simultaneous emissions of Th** and Eu®" ions. A theoretical model is pro-
posed to calculate the contributions of the emitted color of the donor (TH*")
and acceptor (Eu®") ions in terms of europium concentration. The energy
transfer from T0** to Eu?* ions is corroborated by the luminescence spectra
and decay time of Th3", with a maximum energy transfer efficiency of 76% for
28 mol% of TH?*T and 14 mol% of Eu?t. Warm white LEDs were constructed
using a 380 nm UV chip and showed a CRI of 82.5, which was one of highest
values reported for T0*>"/Eu3t-codoped samples. Color-correlated tempera-
ture (CCT), color coordinate (CC), and luminous efficacy (LE) were utilized

to know the potentials as a phosphor converter in solid-state lighting.

LLE. Orozco Hinostroza, H. Desirena, J. Hernadez, J. Molina, I. Moreno, and
E. De la Rosa. Fu3+ - doped glass as a color rendering index enhancer in
phosphor-in-glass. Journal of the American Ceramic Society 101, 2914-2920
(2018).

Abstract:A new method for improving color rendering index (CRI) and low
correlated color temperature (CCT) in high-power white-light-emitting diodes
(WLEDs) is proposed. We used a configuration of phosphor-in-glass (PIG) and
studied light output changes with the increment in concentration of yellow-
emitting Y3Al5015 : Ce3T(YAG:Ce3+) phosphor. The PIG was coupled on
the top of blue-light-emitting diodes (LED) chip (465 nm). To compensate the
lack of red emission in the phosphor, Fu?T-doped tellurium glass with different

europium content was employed as a red emitter. The suitable contents of
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YAG:Ce?" and Eut were 7.5 weight percent (wt%) and 3 mol percent (mol%),
respectively. The CRI value went from 72 to 82, whereas the CCT was reduced
from 24 933 to 6434 K. The proposed structure can improve CCT as well as
CRI of WLEDs just by placing a glass on top.

A.2 Conference presentations

e Printed anti-counterfeiting strategies based on the photothermal effect of lanthanide-

doped ceramic particles. MOPM (November 2021).

o A nowvel anti-counterfeiting approach: thermochromic pigment activated by Y b3+

doped photothermal particles. SPIE Photonic West (March 2021).

o TH>" /Eu3t Ceramic phosphor plate as potential material for solid state light-
ing. RIAO-OPTILAS-MOPM (September 2019).

o Intense red emission Eu*t doped glass-ceramics: New materials for lighting

applications. Congreso Nacional de Fisica (July 2020).



