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Resumen

El incremento constante de consumo de energía produce problemas ambientales debido a la

generación de la misma. Por lo que es importante desarrollar soluciones sustentables. Una

excelente opción es hacer uso de la energía solar a través de celdas solares. Sin embargo,

las celdas solares de Silicio (Si) tienen un límite de eficiencia del 30% aproximadamente,

esto a causa de diferentes parametros, uno de ellos, el principal, es el desfase que existe

entre el espectro electromagnético solar y la zona de absorpción de la celda fotovoltaica.

Por esta razón y con el fin de mejorar dichas eficiencias, se han sintetizado y estudiado

materiales dopados con lantánidos, materiales luminiscentes que son también conocidos

como fósforos, para ser usados en forma de peliculas sobre celdas solares como concen-

tradores/convertidores de luz. Por lo que en este trabajo, se sintetizaron y caracterizaron

fósforos de CaF2 dopados con Nd, Yb y Li, como materiales para mejorar la eficiencia de

celdas solares de Silicio. Los fósforos mencionados anteriormente se caracterizan por tener

absorciones en el rango del ultravioleta y visible, picos característicos de las transiciones

del Nd y su transferencia de energía a los iones Yb, los cuales emiten eficientemente en el

infrarrojo cercano, en el rango de 975 nm, que es altamente eficiente para las aplicaciones

de celdas solares. En particular la absorción del UV, da lugar a procesos de Down conver-

sion (DC), en los que un fotón absorbido en el UV es convertido en dos fotones emitidos

en el NIR. Los fósforos de CaF2:Nd/Yb/Li fueron sintetizados mediante las técnicas de co-

precipitación e hidrotermal, encontrando mejores condiciones estructurales en los fósforos

sintetizados por la técnica hidrotermal, esto debido a las condiciones de presión y temper-
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atura de la técnica. Se determinó que incorporación de Li en la estructura de estos fósforos

mejora en un factor de hasta cinco veces la intensidad luminiscente en el infrarrojo cercano.

Esto es debido a que iones de Li fungen como compensadores de carga, promoviendo una

mejor cristalinidad y reduciendo procesos no radiativos en este material. Por otro lado,

se confirmó que en estos materiales se producen procesos downconversion excitando estos

fósforos con luz UV, lo que permite tener una mayor eficiencia de rendimiento cuántico en

la emisión en el infrarrojo cercano, comparado con los fósforos excitados con luz visible.

Lo cual podría mejorar la eficiencia de las celdas solares que incorporan este material como

concentrador/convertidor solar.



Abstract

The continuous increasement in energy consumption leads to environmental problems as-

sociated with its production. Consequently, environmentally sustainable solutions are es-

sential. In order to address this problem, solar cells will be an excellent solution through

the use of photovoltaic generation. However, in the Si solar cell, efficiency is limited to 30

% due to poor matching between solar spectra and the photovoltaic sensitivity of the Si

cells. Hence, light concentrators/converters based on lanthanide-doped materials are being

added as layers to solar cells to overcome these inefficiencies. This work describes the

synthesis and characterization of Nd, Yb, and Li codoped CaF2, which are materials for

improving silicon solar cells. These phosphors exhibit ultraviolet and visible absorption,

as a result of characteristic transitions between electronic energy levels of Nd, and a near-

infrared emission at 975 nm, characteristic of radiative recombination transition within

electronic energy levels of Yb, which is highly efficient for Si solar cells. Particularly upon

UV ligh excitation, where down conversion occurs. This process involves the absorption

of a UV photon and the emission of two NIR photons. CaF2:Nd/Yb/Li phosphors were

synthesized by either coprecipitation or hydrothermal methods. The phosphors synthe-

sized by hydrothermal techniques had better structural properties due to the temperatures

and pressures involved. Furthermore, Li incorporation in these phosphors enhances the

luminescent intensity up to five times in the near-infrared. This occurs because Li ions

acting as charge compensators, improving crystallinity and reducing non-radiative transi-

tions. Additionally, CaF2:Nd/Yb/Li phosphors have been demonstrated underggo down
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conversion processes that enhance quantum yield efficiency in NIR and make solar cells

with light concentrators/converters that incorporate this material more efficient.
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Introduction

The consumption of energy and its production continuously results in environmental prob-

lems. The study of sustainable energies and the technology behind harvesting them has

boomed considerably in the last half-century. In particular, solar energy is one of the most

promising alternatives. Unfortunately, not all solar energy can be used. If all solar energy

could be used, humans’ total energy requirements could be met. Currently, photovoltaic

solar cells are the most commonly used devices to harvest solar energy. There are, however,

some limiting factors that make it impossible to get and use solar energy effectively. In

solar cells, silicon (Si) is the most common material, with a bandgap of 1.12 eV. Conse-

quently, photons with lower energy cannot be absorbed, and photons with higher energy

use the necessary energy to overcome the energy gap, and the rest is thermally wasted. In

1961, Shockley and Queissier calculated the theoretical efficiency of silicon solar cells and

estimated that this phenomenon limits the maximum efficiency to 30 %. Therefore, some

efforts have been made to get around this limit. Silicon quantum dots (Si-QDs) deposited

as films on solar cells reduce solar cell reflection, increasing solar cell absorption [2]. Films

comprised of perovskite-quantum dots improve perovskite solar cells (PSCs), modifying

their crystalline structure performance [3] . In addition, there are also down-conversion

(DC) and up-conversion (UC) materials based on lanthanides that utilize energy transfer

processes to produce extra electrons-holes pairs, thereby improving the efficiency of solar

cells. Up-conversion refers to the process in which two or more photons are converted into

one photon with a higher energy. While down-conversion also called quantum cutting, is
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the process by which one higher-energy photon is transformed into two lower-energy pho-

tons. Hence, our goal is to develop DC materials based on lanthanides that can improve

the efficiency of Si solar cells

The first application of DC matherials in solar cell was studied theoretically by Trupke

et al. in 2002 [4]. They showed that a Si solar cell can achieve 38.6 % of maximum power

conversion efficiency (PCE) with an ideal DC layer and unconcentrated sunlight.

In DC luminescent materials, the energy transfer between lanthanide ions constitutes an

important aspect. To assure the successful energy transfer between ions, materials with

a large bandgap and low phonon energy are used as host matrices to avoid multiphonon

nonradiative relaxations between spaced energy levels of lanthanides ions. Oxides and

fluorides are typically used as hosts for lanthanides, because of their wide bandgaps and

low phonon energies. There are a variety of fluorides that are used as matrix, showing

the DC process, for example, KY3F10 [5], LaOF [6].Furthermore, NaYF4 doped with Ho3+

and Yb3+ was synthesized via the hydrothermal method by Deng et al.[7], achieving an

efficiency of 115,2 %. Pr3+/Yb3+ codoped Na5Y9F32 was obtained by Hu et al.[8] in 2018

where a theorical quantum efficiency of 180 % was calculated. CaF2 is also a good host for

pairs of lanthanides, Eu2+/Yb3+ [9], Er3+/Yb3+[10], Eu3+/Tb3+[11], Tb3+/Yb3+[12, 13],

Ce3+/Tb3+ [14, 15], Eu2+/Tb3+ [16, 17], Ce3+/Yb3+ [18, 19], with solar cell applications

from the Ultraviolet (UV) to visible or Near Infrared Region (NIR). In this work, CaF2

was selected as a matrix to be codoped with lanthanides for photovoltaic applications.

Nd3+ was chosen as a collector of UV energy in order to transfer energy to Yb3+, since it

emits on only one energy level in the NIR region. Nd3+ and Yb3+ codoped CaF2 crystals

were reported for the first time by V. Petit et al. for laser applications[20]. However,

DC analyses of these materials have not been performed. Here, nanostructured phosphors

of CaF2:Nd/Yb were synthesized, analyzed, and enhanced as a material to improve the
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efficiency of solar cells.

The first chapter of this study reviews energy problems and challenges, possible solu-

tions, and how luminescent materials based on lanthanides play a crucial role in this field.

Lanthanides and their optical characteristics are explained in the second chapter. In the

third chapter, two synthesis methods of luminescent materials based on lanthanides are

presented, coprecipitation and hydrothermal. The fourth chapter explains why Nd and Yb

doped CaF2 were selected, and how they influence the optical and structural properties of

this material when synthesized by coprecipitation and hydrothermal processes. Chapter

five describes the changes in crystallinity and luminescent properties caused by Li incor-

poration in CaF2:Nd/Yb phosphors. Chapter six concludes with a study and discussion

about down-conversion in optimized CaF2:Nd/Yb/Li phosphors.





Chapter 1

Energy and Silicon solar cell challenges

1.1 Energy challenges

Increasing electricity consumption results in increased carbon dioxide emissions annually,

resulting in environmental damage. The global electricity demand decreased by 1 % as a

result of the COVID-19 pandemic but grew by more than 5 % in 2021 [21]. Due to this, the

study, development, and applications of renewable energy technologies have increased in

order to mitigate the consequences and risks associated with other energy sources. However,

each technology poses its own set of challenges.

Solar energy is one of the most promising sources of sustainable energy because the Sun

provides more energy to the earth in less than one hour than the world consumes in a year

[1]. Solar energy applications face challenges related to efficient harvesting, conversion, and

storage. Sunlight can be harvested in various ways, including solar thermal systems and

solar cell technology, converting sunlight into electricity. One of the principal difficulties in

harvesting and converting solar energy through solar cells are a mismatch between the solar

spectrum and the solar cells. Variations in solar spectral distributions depend on the time

of day, the season, latitude, weather conditions and limitations. Fortunately, the standard

solar spectrum, AM1.5G, air mass of 1.5 [22] (figure 1.1), can be used as a reference. This
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spectrum shows the intensity percentage in the UV, visible, and IR regions covered by

Sun and the fraction that would be absorbed and available for photovoltaic conversion in

crystalline Si solar cells.

Figure 1.1: Air-Mass(AM1.5G) terrestrial solar spectrum, showing the fraction that is
currently absorbed by a crystalline silicon device [1]

1.2 Photovoltaic cells

Solar cells are typically composed of p-type and n-type semiconductor layers. The semicon-

ductor bandgap determines the minimum energy required to generate a single electron-hole

pair. An electron is excited into the conduction band of a semiconductor when a photon

with higher energy than the bandgap is absorbed in the valence band, leaving a hole and

providing the solar cell with two charge carriers. The electrons in the conduction band
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flow to the n-type side, while the holes in the valence band flow in the opposite direc-

tion, resulting in an electrical current. If the energy absorbed is greater than the bandgap

semiconductor energy, most unused energy is relaxed in hot charge carriers. Due to this,

the excess energy is dissipated as heat by thermalizing the electrons to the edges of the

conduction and valence bands. Furthermore, solar cells are transparent to photons having

lower energy than the semiconductor bandgap. This means that, depending on their energy

photons might contribute to a more significant loss of solar energy efficiency. Accordingly,

in 1961, Shockley and Queissier published the results of their theoretical calculations of

the efficiency limit of silicon solar cells as 30 % [23]. About 80 % of the solar cell market

is made up of crystalline Si solar cells (c-Si SC). Different types of materials have been

studied and used in solar cell technologies, such as Cadmium sulfide (CdS), Cadmium tel-

luride (CdTe), and Copper Indium Gallium Di-Selenide (CIGS). This approach is known

as second-generation solar cell technology, without exceeding the theoretical Shockley-

Queissier limit[24]. To improve efficiency and reduce costs, a third-generation that is

based on dye-sensitized cells [25, 26], perovskite solar cells [27] and quantum dots solar

cells [28] has been proposed, exhibiting low percentages of energy conversion efficiency.

To improve this characteristic, intermediate band solar cells (IBSCs), have emerged and

improved efficiency in conventional single gap solar cells [29]. Other alternatives are the

reduction of recombination losses, using selective junctions, and incorporating hydrogen

into amorphous and microcrystalline Silicon, a-Si:H and mc-Si, as well as Hydrogen pas-

sivated Silicon in Si/Perovskite Tandem Solar cells, reducing the charge recombination at

the grain boundary which correlated to the degradation and recovery of passivation in

amorphous Silicon [30–32]. Still other alternatives have been investigated, analyzed, and

developed, such as heterojunction interdigitated back-contacted solar cells, organic solar

cells, and hybrid solar cells, with the objective of improving efficiency and breaking the

Queisser-Shockley limit [33]. Lanthanide-based luminescent layers are another excellent

alternative for improving solar cell efficiency. In these materials, solar energy is better
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utilized via internal processes such as downconversion, downshifting, and upconversion.

1.3 Downconversion, downshiting and upconversion to

improve solar cell efficiency

The downconversion process (DC) involves the absorption and conversion of one higher

energy photon into two lower-energy photons. Hence, this indicates that UV photons can

be absorbed and create two electron-hole pairs and reduce energy loss due to thermalization.

A DC layer must be placed on the front surface to achieve the desired result in a

single-junction solar cell. Additionally,in DC process the energy absorbed must be at least

twice the bandgap semiconductor energy (2Eg). According to the AM1.5g spectrum, ap-

proximately 32 % (149Wm−2) of the sunlight intensity can be used in the downconversion

mechanism for c-Si SCs [34]. Hence, the maximum efficiency for a front-mounted down-

conversion layer was calculated for Eg = 1.1 eV given a value of 38.6 % [4], which exceeds

the Queisser-Schokley limit.

The downshifting mechanism is similar to that of downconversion, but in this case, one

higher energy photon emits just one lower energy photon, thereby improving the efficiency

of solar cells without exceeding Queisser-Shockley limits.

Contrary to downconversion, upconversion adds two lower-energy photons to form one

higher energy photon, which can be absorbed by solar cells. This mechanism involves

two sequential transitions from the valence band to an intermediate level, followed by a

transition to the conduction band. Taking into account the possible variation in intensities

concerning air mass coefficients, the sunlight intensity for upconversion is approximately

35 % (164 Wm−2) [34].

Lanthanide ions are excellent candidates for use as spectral converters due to their mul-

tiple energy transitions. Furthermore, they have been studied and analyzed for potential

use on solar cells as up-and-down converters.



Chapter 2

Physical and optical properties of

Lanthanides

Lanthanides, also known as rare-earth elements, consist of 15 metallic elements with similar

physical properties, ranging from lanthanum to lutetium, which have atomic numbers 57

to 71. The most common and stable oxidation state of lanthanide is 3+, which is usually

founde in crystalline compounds. Also oxidation state of 2+ can be founded in Eu, Sm and

Yb, which can reduce to 2+, because these divalent ions are unstable in oxigenated solutions

[35]. The most common form of bonding between these elements is ionic coordination.

Furthermore, these elements are more attracted to electronegative elements, including

oxygen and flour.

Lanthanides are f-f block elements characterized by 4f valence orbitals, which are buried

within the core and shielded from the filled 5s and 5p orbitals, except for lanthanum

(La3+), which has the 4f shell empty and lutetium (Lu3+) which has a filled up 4f shell.

These characteristics contribute to the specific luminescence properties, such as weak and

narrowband emissions and long lifetimes of the excited states.
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2.1 Luminescence in Lanthanides

Luminescence refers to the light emitted by a material that is not due to heat. Lumi-

nescence refers to a variety of processes, including chemiluminescence, bioluminescence,

thermoluminescence, triboluminescence, and photoluminescence. The latter is caused by

electromagnetic radiation (light excitation). Usually, the wavelengths of the emitted light

are equal to or longer than the wavelengths of the excitation light, from ultraviolet (UV) to

visible (Vis) or near-infrared (NIR). Lanthanides offer a wide range of energy levels, thus

interlectronic state radiative transitions cover almost the entire electromagnetic spectrum,

making them suitable for luminescence applications.

2.1.1 Absorption and emission photons in Lanthanides

In general, photon absorption involves enough energy transfered to an electron to cause it

to jump to a higher an energy level. On the other hand, the emission photon is the radiative

transition of an excited electron to a lower energy state. When the emitted photon has the

same frequency, polarization, and direction as the incident photon, the process is known

as stimulated emission. In the spontaneous process, photons are emitted randomly in a

direction.

The absorption and emission of photons are promoted by nature light operators, such

as the even-parity electric dipole (ED) operator, the odd-parity magnetic dipole (MD)

operator, and the electric quadrupole (EQ).

2.2 Transitions of Lanthanide Ions

The emission and excitation lanthanide spectra result from transitions between electronic

energy levels of the multiple excited electronic energy states of the lanthanide ion. Judd-

Ofelt theory is the basic theory that describes the intensity of electrons’ transition within

the 4f configuration of a lanthanide ion. Three types of electronic transitions are involved in
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lanthanide ions: sharp intra-configurational 4f-4f, broader 4f-5d, and broad charge-transfer

transitions.

In lanthanides, transitions from the ground state to the excited state involve rearrang-

ing electrons in their f-orbitals. The allowed transitions are described by selection rules [36].

Laporte’s parity is a selection rule which indicates that electric dipole transitions cannot

connect states with the same parity. Hence, f-f transitions are forbidden by the electric

dipole mechanism. Nevertheless, when lanthanide ions are under the influence of a ligand

field, the selection rules are relaxed and partially allow the transitions. Moving 4f electrons

can generate ligand fields. It occurs when Ln ions are inserted into a chemical environment,

destroying the spherical symmetry of the Ln electronic structure [37]. Further, since 4f

orbitals are shielded from the external environment by 5s and 5p shell orbitals, their mixing

with close orbitals remains very small. The non-centrosymmetric interactions allow the

mixing of opposite parity of electronic states into the 4f wave functions and partially

transitions, called an induced electric dipole transition.

Electric dipole transitions have odd parity and can be considered as linear charge dis-

placements. On the other hand, magnetic dipole transition corresponds to a rotational

displacement of charge, which does not present changes upon inversion; thus, it has even

parity. The order of magnitude of intensity is similar that of induced electric dipole tran-

sitions. Quadrupolar transitions are parity allowed and are much weaker than the two

transitions mentioned above. Some electric dipole transitions are highly sensitive to the

small changes in the Ln3+ environments. In fact, these transitions are called hypersensitive

or pseudo-quadrupolar transitions because they tend to exhibit the same selection rules

as electronic quadrupolar transitions [36]. A spin selection rule is also required, as no

spin changes are expected. Because heavy atoms have large spin-orbit couplings, the spin

selection rule is relaxed. Consequently, the non-degenerate energy levels of the 4f orbitals

are caused by electronic repulsion, spin-orbit coupling, and the environment, specifically
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the ligand field.

Differences between 4f energy levels are in the order of 104 cm−1 since the strongest

interaction between electrons disrupts the degeneracy. Splitting energy levels into J-states

is caused by spin-orbit interaction, which means interactions between electrons’ magnetic

moments due to their spin and the magnetic moments due to the movement around the

nucleus. The order of splitting of these energy levels is the order of 103 cm−1. The J-

degeneracy is regularly not very pronounced due to 4f electrons are shielded from 5s and

5p orbitals. These splittings re of the order of 102 cm−1 and the degeneracy is partially

removed in a coordination environment by the ligand field [38].

According to the Russel-Saunders scheme, J-states are written as 2S+1LJ , where S is

the total spin-impulse momentum of the system. The angular momentum L is represented

by S(L=0), P(L=1), D(L=2), F(L=3), G(L=4), H(L=5), I(L=6).

To identify the lowest energy levels in the ground state, Hund’s rules must be applied.

1. The spin multiplicity (2S+1) should be a maximum.

2. The orbital angular momentum (L) should be a maximum.

3. Total orbital angular momentum (J) should be maximum if the sub-shell is more than

half full; otherwise, it should be minimum.

Accordingly, if we consider a Nd3+ ion, it has an electron configuration of [Xe] 4f3, the

electrons populating f orbitals are unpaired and the orbitals are less than half full (figure

2.1).The S value for Nd is S=Σs=3/2, and the L value is L=Σl=1+2+3=6. Therefore

multiplicity is 2S + 1 = 4. And the J values are L+S, L+S-1, L+S-2, ..., L-S, from L+S

to L-S, 6+ 3/2 = 15/2 to 6− 3/2 = 9/2. It means that, the lowest energy term of Nd3+ is
4I9/2. And the order of energies states in the 4I of Nd3+ are 4I9/2, 4I11/2, 4I13/2, 4I15/2

Figure 2.1: Diagram showing electron configuration of Nd3+, 4f3.
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In the case of Yb3+, we have the next configuration [Xe] 4f13 (Figure 2.2). Where the

S value is S=Σs=1/2 and the L value is L=Σl=-3+2(-2-1+1+2+3)=6-3=3. Hence, L=3

->F, the multiplicity is 2S+1=1+1=2, and J has values from L + S = 3 + 1/2 = 7/2 to

L− S = 3− 1/2 = 5/2. Therefore, the energies states of Yb3+ are 2F5/2 and 2F7/2.

Figure 2.2: Diagram showing electron configuration of Yb3+, 4f13.

Lanthanides possess a wide range of energy levels in the infrared and visible spectrum.

Dieke reported the state energy levels of Ln from the 4f electron configurations in 1960 [39]

and are presented in the following figure 2.3

Figure 2.3: Energy Levels for the lanthanides ions.
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2.2.1 d-f Electronic Trasitions

Interconfigurational 5d−→4f transitions are orbital allowed by Laporte selection rule. Since

the 5d orbitals are more sensitive to the surroundings of the lanthanides ions, the bands are

broad, and their wavelengths are sensitive to the surroundings, which produces a shifting of

the 5d centroid energy orbitals and a large splitting caused by the crystal effect. Transitions

such as these are found in lanthanides that are readily oxidized, such as divalent Sm2+,

Eu2+, Yb2+, and trivalent lanthanides such as Ce3+, Pr3+ and Tb3+ ions.

2.2.2 Charge-Transfer Electronic Transitions

Other allowed transitions are interconfigurational charge-transfer transitions which give

rise to broad absorption bands, which is the case of O2− ligands with some lanthanides,

tetravalent Ce4+, Pr4+ and Tb4+, and trivalent Sm3+, Eu3+ and Yb3+ions [40].

2.3 Radiative and non-radiative transitions

Radiative and non-radiative processes are involved in transitions. During a radiative transi-

tion, a photon is emitted. Radiative transfer is not always efficient; internal relaxation and

multiple interactions between ions could reduce radiative transfer and release the energy in

other ways. Due to competition between the non-radiative and radiative transitions, the

quantum efficiency (QE) is limited.

Non-radiative relaxation could dominate the radiative decay when the energy between

two energy levels is smaller than five times the phonon energy.

Moreover, energy can be dissipated by non-radiative transitions in the lattice matrix

arising from vibrational modes surrounding the lanthanide ions. Vibrational relaxation

takes place at a higher vibrational level of the excited state and then is relaxed to its

lowest vibrational level. Molecules, such as O-H, N-H, and C-H bonds, with high energy

vibration, quenching the luminescence because of the small mass and charge of hydrogen.
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Internal Conversion (IC) is another non-radiative mechanism, also known as radiationless

de-excitation. It occurs when an electronically excited vibrational state couples to a vi-

brational state with a lower electronic state such that the spin state remains. A transition

between states with different spin multiplicities is called an intersystem crossing (ISC),

which refers to a relaxation molecule transitioning from a singlet excited state to a triplet

excited state with lower energy. CR is a phenomenon where a portion of the excitation

energy of one ion is transferred to a neighboring ion, leading to a rapid decay from a lower

energy level to the ground state. Concentration quenching is another non-radiative process;

this process occurs primarily as a result of the migration of energy between lanthanide ions.

Because of the excited energy state of lanthanide ions, they may migrate to the nearest ion

instead of emitting a photon, thereby reducing their lifetimes. Luminescence can also be

quenched through thermal, concentration, impurities. Also in inorganic solids, electrons

de-excitation via population of lattices phonons represent a significant nonradiative process

[41]

2.4 Energy Transfer

The emission and excited spectra of lanthanides result from transitions between multiple

excited states. Specifically, transitions involving radiative processes.

This process can occur in a host doped with a single lanthanide ion, as well as in a host

with two or more lanthanides ions. The energy transfer (ET) occurs between the donor

ion, D, also called the sensitizer ion in literature, and the acceptor ion, A, also known as

the activator ion. Energy can be transferred by radiative or non-radiative processes. A

highly efficient energy transfer process involves resonance between the emission band of a

sensitizing ion and the absorption band of an acceptor ion. The Dieke diagram indicated

the potential for resonant energy transfer between ions pairs based on the relative positions

of the Lanthanide ions (figure 2.4 (a)). Also, non-radiative energy can be transferred via

non-radiative resonant energy, phonon-assisted non-radiative energy transfer, and cross-
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relaxation (figure 2.4)

Figure 2.4: Representation of different energy transfer mechanisms. (a) Radiative energy
transfer. (b) Non-radiative resonant energy transfer. (c) Phonon non-radiative energy
transfer. (d) Cross-relaxation.

In order for ET to occur, two conditions must be met. Initially, the emission from

the donor (D) and the emission from the acceptor (A) must overlap. This condition is

known as the resonance condition. A second requirement is that two ions must interact

either through an exchange interaction (wavefunction overlap) or a multipole-multipole

interaction. Since the distance between acceptor and donor ions decreases exponentially

the transfer probability, this PDA can be calculated as following [42]:

PDA =
1

τD

(
R0

R

)6

(1)

τD is the donor excited-state lifetime, including multi-photon relaxation, while R0 is the

critical distance where spontaneous deactivation of the excited donor state has the same

probability as excitation energy transfer. To ensure high emission efficiency, each donor

needs to have as many acceptor neighbors as possible, in order to increase the probability

of energy transfer from donor to acceptor ions. However, if the ion concentration exceeds

a certain concentration quantity, called critical concentration, the luminescence intensity

will be reduced. This effect is known as concentration quenching.
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2.4.1 Upconversion ET mechanisms

As was mentioned in section 1.3, upconversion (UC) is a mechanism where two lower-

energy photons add up their energy to get a higher energy photon. One of the most

efficient upconversion processes is APTE (Addition de Photon par Transferts d’Energie),

often abbreviated as ETU (Energy Transfer Upconversion). The process involves two ions

of type I absorbing a photon, transferring the energy to another ion of type II with a

higher energy level. Energy is transferred in two steps via an intermediate level of type II

ions that is close to that of type I ions. It can also be described as GSA/ETU, a ground

state absorption (GSA) followed by an energy transfer step, figure 2.5(a). UP can also

take place on a single ion I when the ion has already been excited and a second photon is

absorbed to reach the higher energy level. The mechanism is described as GSA followed by

excited-state absorption (ESA), figure 2.5(b). Other UP mechanisms involve one or more

virtual energy levels, implying lower efficiency.

Figure 2.5: Energy levels scheme for UC mechanisms; (a) GSA/ETU, (b) GSA/ESA
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2.4.2 Downconversion ET mechanisms

Downconversion on lanthanides pairs can take place in different ways. The first step is

always the excitation of ion I. The energy can decay via cross-relaxation between ions I

and II, followed by energy transfer between them, ending with emission from ion II. The

emission of a photon from both ions is another mechanism that involves an energy transfer

step between ions I and II. A cascade emission occurs when a high-energy photon is split

into lower-energy photons on a single lanthanide ion.

2.4.3 Dexter ET

The donor energy transfer is carried out between two molecules, which exchange electrons.

In a non-radiative exchange, two excited chemical groups, donor (D) and acceptor (A),

exchange their electrons. In most cases, this exchange occurs at a short distance, typically

10 Å. The exchange mechanism is governed by Wigner spin conservation. The allowed spin

process could be:

Singlet-singlet energy transfer

1D +1 A −→1 D +1 A

Figure 2.6: Schematic diagram for singlet-singlet Dexter energy transfer.

Triplet-triplet energy transfer

3D∗ +1 A −→1 D +3 A∗
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Figure 2.7: Schematic diagram for triplet-triplet Dexter energy transfer.

2.4.4 Föster ET

Föster or fluorescence resonance energy transfer (FRET) mechanism describes the energy

transfer between two light-sensitive molecules (chromophores). In this transfer mechanism,

a photon excited by a donor group, transfer energy to an accepto, through non radiative

dipole-dipole coupling. The donor group is excited to the lowest excited singlet state, S1.

When the electron returns to the ground state, S0, the energy released may excite the

acceptor group simultaneously through non-radiative dipole-dipole coupling. This non-

radiative process is also known as "resonance" (Figure 2.8). Finally, without quenching

states, the excited acceptor emits a photon and returns to the ground state.

2.5 Photoluminescence lifetime

Photoluminescence lifetime is a measure of how long it takes for a molecule (or ion) to

remain in an excited state before it returns to its lower energy state during a fast electronic

deactivation process.

Measurements of luminescence lifetime are important because they provide fluorescence

and phosphorescence bands. As a rule of thumb, lifetimes on the order of nanoseconds and

picoseconds indicate phosphorescence, while lifetimes on the order of microseconds and

more prolonged lifetimes indicate fluorescence.

All light emissions competing radiative and non-radiative processes, which generally
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Figure 2.8: Schematic diagram for Föster resonance energy transfer.

generates shorter luminescence lifetimes than the natural lifetime. The fluorescence life-

time, τ , describes the combined rate of the radiative and nonradiative pathways.

τ =
1

Γ + k
(2)

Where Γ is the radiative and k the non-radiative processes.

In general non-radiative process have a slower decay time. Hence, luminescence decay

time measurements can be used to obtain more information about internal processes. Vi-

brational relaxations process occur in 10−14 -10−12 s, while the internal conversion takes a

time the order of 10−12 s, and intersystem crossing processes occur more slowly in a time

scale the order of 10−8.

All decay curves can be described by a double exponential decay time, the result of the
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sum of a fast and slow exponential decay:

I(t) = I0 + A1e
1
τ1 + A2e

1
τ2 (3)

where I(t) is the emission intensity at time t, I0 is the intensity background constant, A1

and A2 are amplitude constants, and τ1 and τ2 are the fast and slow lifetime components,

respectively.

2.5.1 Inokuti-Hirayama Model

The time evolution model for the fluorescence amplitude results from the Föster, Dexter

and Inokuti-Hirayama theories is:

S(t) = Aexp(−t/τ)exp[γ(t/τ)θ] (4)

Where A is the initial amplitude of the fluorescence, τ is the lifetime of the exponential

fluorescence decay if there is no energy transfer, t is the time, γ is the scaling factor, and

the exponent θ, characterizes the effect of energy transfer with a non-exponential result.

2.5.2 Bursthein Model

To obtain more information about transfer energy and other processes, the Burshtein

model:

I(t) = I0 · exp(−
t

τ0
− γst

3/S − wmt) (5)

where I0 is the intensity at t=0, tau0 is the average lifetime of the donor ion, γs is

related with the direct energy transfer, ws is the migration rate and S is related with the

electric interaction and can take 6, 8 and 10 constant values, 6 for dipole-dipole (d-d), 8 for

dipole-quadrupole (d-q) and 10 for quadrupole-quadrupole (q-q). Direct energy transfer
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can be calculated through Inokuti-Hirayama model following the next equation [43, 44]:

γ =
4π

3
Γ(1− 3

S
)NA(

R0

τ
1/S
0

)3 (6)

where NA is the acceptor concentration and R0 is the critical transfer distance.

2.6 Quantum Efficiency

Quantum efficiency in luminescent materials is defined as the ratio between the observed

emission lifetime and the intrinsic lifetime:

IQE =
τobs

τrad
(7)

The external (effective) quantum yield (QYeff ) measurements can be done using an

integrating sphere. It is determined from the ratio of the number of photons emitted to the

number of photons absorbed by the sample. To measure scattering spikes and the emission

spectrum of a sample, two different detectors should be used. As a result, differences in

sensitivity must also be considered, and the equation can be written as follows:

Qeff =
Aem

(Ascatref − Ascatsample)kRed−PMT/NIR−PMT

(8)

where Aem, represents the area of the number of photons emitted under the spectrally

corrected emission peak for a sample. The number of photons absorbed is determined by

the difference between the Rayleigh scattering peak areas of a reference sample and a study

sample: Ascatref −Ascatsample. Finally, kRed−PMT/NIR−PMT is the ratio between sensitivities

of the two detectors.

In the case of downconversion, a QE > 1 is expected.
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Quantum efficiency in photovoltaic systems

By definition, quantum efficiency (QE) is the ratio of electrons collected by the solar cell

to photons incident on it. In an ideal situation, each incident photon would produce an

electron-hole pair. Despite this, the quantum efficiency of most solar cells is reduced due

to recombination effects. Hence, by definition, QE < 1.

A device’s external quantum efficiency (EQE) includes optical losses, such as trans-

mission and reflection. Furthermore, the internal quantum efficiency (IQE) or internal

quantum yield (IQY) is calculated by only taking into account photons that are not re-

flected nor transmitted from the cell and can produce carriers.

IQE =
Nrad

Ntotal
(9)

2.7 Sensitized Lanthanide

Because of unique luminescence properties, lanthanide ions have low absorption coefficients,

of the order of 1M−1 cm−1[45], which is one of the disadvantages for efficient excitation.

Not the case of organic molecules, for which excitation leads to a lengthening of chemical

bonds, resulting in significant Stokes’ shifts and broad emission bands due to the strong

coupling with vibrations[36]. To overcome this drawback, lanthanides have been linked with

a chromophore, which has a higher absorption coefficient, taking the roll of as antennas.

The energy transfer path between an organic ligand and lanthanides is the following;

the antenna chromophore is excited into its singlet excited state; subsequently, the energy

is transferred to the lanthanide ion through the intersystem crossing process. Generally,

this process takes place via the antenna triplet state through the Dexter mechanism.

The success of the sensitization process can be demonstrated with the increase of the

luminescence intensity. To have an efficient sensitization process in lanthanide complexes,

the following conditions have to be considered:
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The antenna should have a high absorption coefficient.

The antenna chromophore should be close to the lanthanide ion because the energy

transfer process is strongly dependent on the distance.

2.8 Hosts of lanthanides

Most applications require the lanthanide ions to be incorporated into a matrix.Oxides

and fluorides are suitable as host materials due to their wide bandgaps and low-energy

phonons, which are less prone to multiphonon relaxations. It has been reported that CaF2

has high chemical stability, low phonon energy, and optical transparency in a wide range of

wavelengths [46]. Thus, CaF2 has been used as a host for lanthanides [9–16, 18, 19]. These

compounds have been synthesized using various methods, most commonly hydrothermal

and co-precipitation.



Chapter 3

Synthesis luminescent materials based

on lanthanides

To synthesize nanomaterials, a variety of techniques have been employed, including chemi-

cal vapor deposition, thermal decomposition, co-precipitation, solvothermal, hydrothermal,

pulse laser ablation, combustion, and sol-gel. This Chapter focuses on the hydrothermal

and co-precipitation methods.

3.1 Co-precipitation

One of the simplest and fastest syntheses methods is co-precipitation. These reactions are

characterized by the simultaneous occurrence of nucleation, growth, and/or agglomeration

processes.

In order to form a precipitate, chemical reactions are required. In this method, the

nucleation process is a crucial step where many small particles are formed. The products

are formed when supersaturation conditions prevail. The properties of these products are

affected by secondary processes, such as aggregation and Ostwald ripening.
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xAy+(aq) + yBx−
(aq) → AxBy(s)

This method has additional advantages beyond its simplicity, including that it generally

works at low temperatures and that composition can be controlled easily

3.1.1 Co-precipitation steps

At room temperature, stoichiometric amounts of precursors (lanthanides and host) are

dissolved in deionized water and mixed using a magnetic stirrer. After that, the solution

is left to precipitate for some hours (Fig. 3.1). It is centrifuged and washed at least twice

in order to remove any possible remnants. Following this process, the product is vacuum

dried. To improve their structural quality, the powers are then annealed.

Figure 3.1: Main steps process of co-precipitation synthesis

3.2 Hydrothermal

Hydrothermal synthesis uses water as a solvent and, as a result, increases the solubility of

the precursors through pressure and/or temperature.

Historically, hydrothermal synthesis was associated with geology. It was first used by

British geologist Roderick Murchison (1792-1871) to describe the changes in the earth’s
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crust to form rocks and minerals due to the action of pressure and water at elevated tem-

peratures.

The advantages of this technique include the ability to obtain products in a specific

phase, intermediate state, or metastable state. The material can be controlled in terms

of size, shape, and crystallinity with great precision. Furthermore, most materials can be

dissolved in a suitable solvent due to pressure and temperature at their critical point. On

the other hand, some disadvantages include the inability to observe the reaction process

and the high price of the autoclave.

3.2.1 Hydrothermal steps

Stoichiometric amounts of precursors (lanthanides and host) are dissolved in deionized

water and mixed by a magnetic stirrer at room temperature for a short time. The solution

is transferred to a Teflon-lined autoclave and heated for some hours above 100 °C. The

autoclave is left to cool down at room temperature (Fig. 3.2). Finally, the phosphors are

washed, dried, and sometimes annealed.

Figure 3.2: Main Hydrothermal synthesis steps

Thus, luminescent materials based on lanthanides have been synthesized by Copre-

cipitation and Hydrothermal methods. The materials’ properties will be discussed and
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compared in the next Chapter.



Chapter 4

Nd, Yb doped CaF2 as luminescent

material

This chapter describes the synthesis, characterization, and luminescent properties of CaF2

doped with Nd and Yb phosphors.

CaF2 was chosen as a host for lanthanides due to its excellent optical properties, low

phonon energy, and chemical stability. In this study, Nd3+ was chosen because it is able

to absorb in the UV and visible regions. UV-excited materials are desirable since DC

processes occur within them. Yb3+, the other lanthanide chosen, shows a unique transition

energy level in the near-infrared, close to the absorption region of silicon solar cells. Thus,

CaF2:Nd/Yb phosphors can emit in the NIR and absorb in the UV and Vis regions due to

energy transfer between Nd and Yb lanthanides.

4.1 Co-precipitation vs Hydrothermal method for CaF2:

Nd/Yb phosphors synthesis

The co-precipitation method (CP) is easier and faster than the Hydrothermal method

(HT). However, due to the rapid nucleation and agglomeration processes, it can affect
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the size and structural properties of the products, which is reflected in the luminescent

characteristics [47]. On the other hand, Hydrothermal (HT) synthesis, because of high

temperature and pressure reaction conditions, may avoid high agglomeration [48]. Thus,

materials synthesized by HT typically have better crystallinity, which is reflected in their

optical properties. Further, CaF2:Nd/Yb phosphors were synthesized using both CP and

HT methods in order to examine the structural and optical differences between these

methods. In order to analyze them, X-Ray Diffraction (XRD) and photoluminescence

(PL) measurements were performed.

4.2 Synthesis of CaF2:Nd/Yb

4.2.1 Materials

To carry out the synthesis, the following materials were used: CaCl2· H2O (99.0 %), NdCl3·

6H2O (99.9 %), YbCl3· 6H2O (99.9 %) and NH4F (98.0 %) were purchased from Sigma-

Aldrich.

4.2.2 Synthesis of CaF2:Nd/Yb

The solution was prepared by dissolving stoichiometric amounts of CaCl2, YbCl3, and

NdCl3 in 10 mL of deionized water for 10 minutes. Fluoride was added to chloride solution

by adding 15 mL of NH4F solution (1 M).

Co-precipitation Synthesis

The chloride and fluoride solutions are mixed with a magnetic stirrer for 1 hour at room

temperature in an air atmosphere to produce an opaque white suspension. In order to

remove any possible remnants of the suspension, the suspension was washed at least two

times with deionized water and centrifuged for 10 minutes at 5000 rpm. Afterward, the
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material was dried in a vacuum at 60°C for 12 hours. In order to improve their structural

quality, the phosphors were annealed gradually at 200°C for 30 minutes, 400°C for 30

minutes, and finally 600°C for an hour in an air atmosphere.

Hydrothermal Synthesis

The hydrothermal (HT) synthesis was conducted by mixing the chloride solution with

NH4F using a magnetic stirrer for ten minutes at room temperature (ambient atmosphere).

The prepared sample was placed in an autoclave lined with Teflon and heated to 170°C

for eight hours. The autoclave was to be cooled down to room temperature. Finally, the

phosphors were washed, dried, and annealed using the same CP annealing procedure.

4.3 XRD analysis

Here, a comparison of structural lattice changes in CaF2: Nd/Yb phosphors synthesized by

CP and HT is described. XRD measurements were performed by Siemens D-500 diffrac-

tometer with CuKα (α = 1.54). The XRD diffractograms from both methods are shown

in Figure 4.1. The observed diffraction peaks and intensities for both diffractograms cor-

respond to the CaF2 cubic phase (standard PDF card #96-100-0044). In order to analyze

possible changes in structure, a local magnification was carried out for the most intense

peak, 202 (Fig. 4.1 b))

Local magnification (Fig. 4.1b)) reveals a shift towards lower angles (green and purple

lines) and changes in the width at half maximum (FWHM). The characteristics are asso-

ciated with the incorporation of lanthanides and the crystallinity of the material.

In the CaF2 matrix, a charge neutrality initially exists; however, when lanthanides with 3+

charges are introduced, substituting divalent Ca ions, an unbalanced of charge is produced.

In order to compensate the charge, more F− ions are incorporated into the matrix, which

results in charge repulsion between the F− ions, increasing the lattice strength [49]. In
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Figure 4.1: (a) XRD diffractogram of host CaF2 (blue) and CaF2:Nd/Yb synthesized by
co-precipitation (green) and hydrothermal (purple) method. (b) Local magnification for
the dominant peak (202).

consequence, the XRD peaks are shifted towards smaller angles [50].

The size of crystallites is inversely proportional to the peak FWHM increment. In order to

determine the crystallite size of the two different materials produced, Scherrer’s equation

was used. Scherrer’s equation can be expressed mathematically as follows:

D =
Kλ

βcosθ
(1)

In the equation, K is a constant with a value of 1 based on a spherical approximation,

lambda is the wavelength of the Cu-Kα radiation (0.15406 nm), beta is the full width at

half maximum (FWHM), and theta is the Bragg’s diffraction angle.

CaF2:Nd/Yb phosphors synthesized by the CP method have a crystallite size of 75 nm,

while phosphors synthesized by the HT method have a 55 nm crystallite size. Crystallite

size is affected by the process involved in the synthesized methodologies. Particle formation

and agglomeration occur rapidly in the CP method, which affect the size and characteris-

tics of the products [48]. In contrast, HT processes utilize high temperatures and pressures,
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resulting in nanomaterials with greater crystallinity and, therefore, less prone to agglom-

eration than those produced at low temperatures [51, 52]. Therefore, this crystallinity

is reflected in the increasing intensity of NIR emission. In the subsequent analysis, only

CaF2:Nd4/Yb4 synthesized by the HT method is studied.

4.4 Scanning electron microscopy

The morphology of the CaF2 and CaF2:Nd/Yb particles was observed by scanning electron

microscopy (SEM). The morphology in both cases is irregular (Fig. 4.2).

The morphology and size of particles do not significantly change with Nd and Yb incorpo-

ration on CaF2. The particle size ranges from 25 nm to 280 nm for particle agglomerations.

Figure 4.2: SEM image of CaF2:Nd4/Yb4
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4.5 Photoluminescence analysis

In this section, Nd and Nd/Yb codoped CaF2 were synthesized, and luminescent spectra

were analyzed and compared. The photoluminescence characteristics were obtained using

an Edinburgh Instruments 980S spectrophotometer. To determine the most intense emis-

sion and excitation peaks of CaF2:Nd4 phosphors, their emission and excitation spectra

were analyzed.

The Nd excitation peaks are centered around 330, 353, 426, 460, 474, 508, 522, 572, 577,

624 and 674 nm, corresponding to the Nd3+ transitions from the 4I9/2 ground state to the
4D7/2, 4D3/2, 2P1/2,

4G11/2,
4G9/2,

2G9/2,
4G11/2,

4G7/2,
4G5/2,

2G7/2,
2H11/2 and 4F9/2 excited

states. The most intense peak are centered at 353 nm and 577 nm, corresponding to Nd

and Nd3+ 4I9/2 →4 G7/2 transition for the ultraviolet and visible region, respectively. In

the UV spectrum, the maximum intensity peak occurs at 353 nm (3+ 4I9/2 →4 D3/2), while

in the visible spectrum, the maximum intensity peak occurs at 577 nm (3+ 4I9/2 →4 G7/2)

(Fig. 4.3). Both excitations correspond to transition energy levels of Nd. The emission

intensity exhibited similar characteristics under UV (353 nm) and visible (577 nm) light,

monitored at 1062 nm (4F3/2 →4 I11/2).

CaF2:Nd4 presented two emission transitions on NIR region, under UV (353 nm) and

visible (577 nm) wavelength excitation, corresponding to the 4F3/2 →4 I9/2 (at 865 nm) and
4F3/2 →4 I11/2 (at 1062 nm) of Nd3+. When CaF2:Nd4 is doped with Yb3+ ions, emissions

transition of Nd are dissipated, prevailing, Yb transition 2F5/2 →2 F7/2, at 975 nm over

Nd transitions (Fig. fig:Lumin1), confirming the energy transfer(ET) process from Nd to

Yb ions.

Additionally, photoluminescence properties of CaF2:Nd doped with Yb3+ (CaF2:Nd4/Yb4)

have been examined, exciting Nd3+ trough UV (353 nm) and visible (577 nm) light, but
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Figure 4.3: On the left side: UV and visible (blue line) excitation spectra for CaF2:Nd4,
monitoring the Nd3+ 4F3/2 →4I11/2 transition at 1062 nm. On the right side: NIR emission
spectra upon 353 nm (Nd3+: 4I9/2 →4D3/2, black line) and 577 nm (Nd3+: 4I9/2 →4G5/2,
red line) excitation.

monitoring Yb3+ transition at 975 nm (2F5/2 →2 F7/2). CaF2:Nd4 presented two emission

transitions on NIR region, under both UV and visible light excitation, corresponding to

the 4F3/2 →4 I9/2 (at 865 nm) and 4F3/2 →4 I11/2 (at 1062 nm) of Nd3+. When CaF2:Nd4

is doped with Yb3+ ions, emissions transition of Nd are dissipated, prevailing, Yb tran-

sition 2F5/2 →2 F7/2, at 975 nm over Nd transitions (Fig. 4.4), confirming the energy

transfer(ET) process from Nd to Yb ions. CaF2 emission was amplified by a factor of 15

in order to compare the emission spectra.

On the other hand the emission peak on 975 nm under 353 nm excitation light is
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Figure 4.4: (a)CaF2:Nd4 with (red line) and without Yb (black line) emission spectra upon
excitation of Nd at 577 nm

considerably more intense than the Yb peak excited with 577 nm light, figure 4.5 which

suggests a possible down-conversion process. (Fig. 4.4 (b))

4.6 Time decay analysis

A time decay analysis was performed in order to confirm the energy transfer. CaF2:Nd4/Yb4

phosphors have been compared with CaF2:Nd4, at the Nd transition for both, at 865 nm

( 4F3/2). There is a reduction of the lifetime of CaF2:Nd4/Yb4 phosphors compared to

CaF2:Nd4, at 865 nm. It might be due to energy transfer efficiency. Accordingly, the
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Figure 4.5: UV and visible (blue line) excitation spectra for CaF2:Nd4/Yb4, monitoring
the Yb3+ 2F5/2 →2F7/2 transition at 975 nm. Further,on the right side, NIR emission
spectra upon 353 nm (Nd3+: 4I9/2 →4D3/2, black line) and 577 nm (Nd3+: 4I9/2 →4G5/2,
red line) excitation

following expression [53] was used to calculate the energy transfer efficiency:

η = 1− τd
τ 01

(2)

Where τ 01 and τd are the average lifetimes of CaF2:Nd4 in the absence and presence of

Yb, respectively, in this case, the energy transfer efficiency was calculated using the Nd3+

4F3/2 level decay time.

In this case, the energy transfer efficiency was calculated using the level decay time,

obtaining a value of 0.17.



62 Nd, Yb doped CaF2 as luminescent material

These phosphors exhibit two key characteristics. One is their increased emission in-

tensity after the addition of Yb. A second feature is the intensity amplitude difference

between UV and visible excitation, which can be related to a DC process. In Chapter

6, we will examine the verification of this process, but first, we will describe how Li can

improve CaF2:Nd/Yb phosphors.



Chapter 5

Improvement of CaF2: Nd/Yb

phosphors through Li addition

In the previous chapter, we discussed the optical and structural properties of CaF2:Nd/Yb

phosphors. Hence, structural modifications to the CaF matrix were found following lan-

thanide addition due to the extra positive charges of lanthanides (3+) when they replace

the matrix’s divalent cation (Ca2+). In order to avoid vacances, Lithium ions were added

as charge compensators. Here, we discuss the structural and luminescent changes in the

properties of CaF2: Nd/Yb phosphors synthesized by Hydrothermal due to the addition of

Li+. XRD diffractograms, Fourier-transform infrared spectroscopy (FT-IR), photolumines-

cence, and decay time spectroscopy were measured to determine the optical and structural

changes.

5.1 Alkali metals as charge compensators

In luminescent materials based on lanthanides, alkali ions such as Na+, K+, and Li+

have been incorporated as charge compensators, improving luminescent properties [54–56].

Gupta et al. [57] have incorporated Na+, K+ and Li+ ions into SrWO4:Eu3+. A better
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luminescence emission was only achieved when Li+ ions were incorporated.

According to some publications, this improvement is related to crystal structure changes,

and increased crystal size [58–60].

5.2 CaF2: Nd/Yb/Li phosphors Synthesis

For this study, CaF2:Nd4/Yb4 phosphors with different Li+ nominal concentrations, 0, 1,

2, 3, 4 mol % were synthesized by HT method.

5.2.1 Materials

In order to conduct the synthesis, the following materials were used: CaCl2· H2O (99.0 %),

NdCl3· 6H2O (99.9 %), YbCl3· 6H2O (99.9 %), LiCl (99.0 %) and NH4F (98.0 %). The

reagents were purchased from Sigma-Aldrich.

5.2.2 Synthesis procedure

Hydrothermal Synthesis of CaF2: Nd/Yb/Li

Initially, stoichiometric amounts of CaCl2, YbCl3, NdCl3, and LiCl were dissolved in 10 mL

of deionized water for 10 minutes. Fluoride was incorporated into the chloride solution by

adding 15 mL of a NH4F solution (1 M). The solution was thoroughly mixed in a magnetic

stirrer for 10 min at room temperature (ambient atmosphere) to be transferred to a 120

mL Teflon-lined autoclave and heated for 8 hours at 170 °C. The autoclave was allowed to

cool down to room temperature. It was washed at least twice with deionized water and

centrifuged at 5000 rpm for 10 minutes to remove any possible remnants. Following this,

it was dried in a vacuum for 12 hours at 60°C. To increase the structural quality of the

phosphors, they were gradually annealed, starting at 200 °C for 30 min, then at 400 °C for

30 min, then at 600 °C for 1 hr in an air atmosphere.
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5.3 Lithium role in CaF2: Nd/Yb phosphors

Incorporating RE3+ ions in the CaF2 matrix results in the formation of lattice defects,

mainly Ca vacancies, as a mechanism to maintain charge neutrality. Charge compensation

can be explained by the following reactions [61]:

2Nd
3CaF2−→ 2Nd•Ca + V

′′

Ca (1)

2Y b
3CaF2−→ 2Y b•Ca + V

′′

Ca (2)

Nd+ Y b
3CaF2−→ Nd•Ca + Y b•Ca + V

′′

Ca (3)

where Nd•Ca and Y b•Ca indicate a substituted Ca ion by RE (Nd or Yb) ion, while V
′′
Ca

represents Ca vacancies.

In these vacancies, lattice defects are present. Furthermore, the substitution of lan-

thanides is not always perfectly proportional to the ratio 3:2, RE3+:Ca2+ Hence, the excess

of positive charges is compensate by fluorine ions. Fluorine ions enter in an interstitial way

around the Ca vacancy. Accordingly, an increase in Nd3+ or Yb3+ ions concentration will

result in a higher quantity of F− ions required to neutralize the charge. When the quantity

of F− ions is increased, a strong charge repulsion is produced between them, causing an

increase in the lattice constant [49]. Li+ ions are introduced into the matrix to compensate

the charge, as described in the following equations:

Nd+ Li
2CaF2−→ Nd•Ca + Li

′

Ca (4)

Y b+ Li
2CaF2−→ Y b•Ca + Li

′

Ca (5)
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In this manner, the Li+ ions would act as a charge compensator to avoid the intersti-

tial entry of F− ions, which result in lattice defects, promoting a higher level of crystallinity.

5.3.1 XRD analysis

The CaF2:Nd/Yb phosphors containing different nominal Li+ concentrations, ranging from

0 mol% to 4 mol%) were synthesized and compared to known structural changes, as shown

in figure 5.1. All of the diffraction peaks correspond to the cubic phase of CaF2, standard

PDF card #96-100-0044. Thus, Li+ ions can be introduced in concentrations up to 4 mol %

without affecting the cubic phase of CaF2. On the other hand, CaF2:Nd/Yb doped with Li

results in shifts of peaks towards higher and lower angles, as shown in Figure 5.1 (b). There

is evidence to suggest that shifting of the diffraction peaks to higher angles is due to lattice

contractions [62, 63]. As a consequence, the shifting observed in XRD diffractograms

during the measurement of phosphors doped with Li+ ions 1 mol % concentration can

be attributed to the avoidance of interstitial F− ions introduced to compensate for the

charge in CaF2 phosphors doped with lanthanides, which results in lattice expansion [49].

Furthermore, due to the minor ionic radius of Li (∼ 0.92 Å) in comparison to Calcium (∼

1.12 Å), when Li ions replace divalent Ca ions, this led to a shrinkage of the host [58]]. It

is also noted that shifting is reduced as the concentration of Li increases. The possibility

arises from the fact that some Li ions are occupying interstitial spaces. Consequently, for

diffractograms with up to 3 mol % Li concentration, the peaks start to shift toward smaller

angles, and a distortion peak is visible for 4 mol % Li concentration.

Further, the peak width is reduced with an increase of Li concentration up to 3 mol

%, which results in an increase in crystallite size. The crystallite size was calculated using

Scherrer’s equation. The crystallite size of CaF2:Nd4/Yb4 with different Li concentrations

is shown in 5.1
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Figure 5.1: (a) XRD diffractogram of CaF2:Nd4/Yb4 (blue), and CaF2:Nd4,Yb4 with
different Li concentrations by hydrothermal (HT) method and (b) local magnification for
the dominant peaks. .

CaF2:Nd4/Yb4/Li Crystallite Size (nm)
0 25.04
1 35.27
2 54.90
3 93.32
4 67.31

Table 5.1: Crystallite Size of CaF2:Nd4/Yb4 with different concentrations of Li (0, 1, 2, 3,
4)

5.4 EDS Analysis

Energy Dispersive Spectroscopy (EDS) was performed to verify the presence of Nd3+ and

Yb3+ and confirming their composition in CaF2:Nd/Yb and CaF2:Nd/Yb/Li phosphors.

EDS measurements are summarized in Table 5.2.

The at % of F− to Ca2+ ratio keeps a proportion approximately of 2.3 times, for

both samples, CaF2:Nd/Yb and CaF2:Nd/Yb/Li, while Ca2+ to RE3+ (Nd, Yb) ratio is

approximately 0.043 for phosphors without Li+ and the ratio decreases slightly to 0.035

with the Li+ introduction. It is not possible detect Li+ with EDS technique; however, the
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Element atomic percentage element composition
Ca 30±1.25 29±4
F 68±1.22 69±4
Nd 1.3±0.1 1±0.1
Yb 1.3±0.1 1±0.1
Cl 0.3±0.05 0

Table 5.2: Atomic percentage composition of all elements from CaF2:Nd/Yb and
CaF2:Nd/Yb/Li phosphors obtaining by EDS.

presence of this element was revealed through changes in crystalline nano-structure of the

phosphors. Further, in the EDS spectra (Fig. 5.2) it is noticed the absence of chlorine

in CaF2:Nd/Yb/Li samples compared with low quantities of chlorine founded in samples

synthetized without Li+, suggests the introduction of Li+ ions aid to reduce chlorides

remnants.

Figure 5.2: EDS spectra of (a) CaF2:Nd/Yb and (b) CaF2:Nd/Yb/Li phosphors synthe-
sized by hydrothermal method.

5.5 FT-IR analysis

It is known that the reduction of quenching bonds, such as the O-H and N-O bonds, avoids

non radiative transitions. A consequent increase in luminescence emission can be observed.

FT-IR analysis was performed in order to investigate the variation of quenching groups
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(with high-frequency vibrational modes) in the samples with and without Li. The FT-IR

spectra of CaF2:Nd4/Yb4 phosphors (black line) and CaF2:Nd4/Yb4 with Li+ phosphors

(red line) are shown in Fig. 5.3. The FT-IR analysis reveals that Li+ is able to reduce the

number of quenching bonds in CaF2:Nd4/Yb4 when it is introduced during the synthesis

process. Ca-F absorption band is located around 448 cm−1 [64], while 2828 cm−1 is asso-

ciated with C-H vibration modes [65]. Absorption water bands are around 1622 cm−1 and

3434 cm−1, associated to O-H bonds of surface adsorbed water [59, 66]. These bands are

reduced significantly when Li ions are introduced. Furthermore, bands around 1415 cm−1,

ascribed to stretching vibrations of N-O [64]. These two quenching bonds are reduced upon

the Li+ presence. Therefore, we can conclude that Li+ ions avoid the entry of hydroxyl

and other quenching groups [59]. Finally, the band at 2347 cm−1 is present due to KBr

pellets used for recording FT-IR spectrum [48].

5.6 Luminescent analysis

The presence of Li+ added to phosphors (2 mol/ %) does not affect the emission and

excitation spectra (Fig. ??fig:LuminLi]). However, the emission intensity is enhanced by

approximately a factor of 5.

Thus, Li does not contribute to the energy transfer levels of CaF2 phosphors. Li ions

can compensate part of the local charge imbalance, which will help alleviate the generated

lattice defects. This is consistent with the x-ray analysis discussed above, where Li ions

incorporation affects both the crystal structure and the average crystal size. Li also avoids

quenching groups, which promotes radiative transitions, as confirmed by FT-IR spectra.

In general, all of the above is reflected by increased emission intensity.
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Figure 5.3: FT-IR spectrum of CaF2:Nd4/Yb4 (black) and CaF2:Nd4/Yb4/Li2 (red) phos-
phors, synthesized by hydrothermal method

5.7 Time Decay analysis

A time decay analysis was performed to understand the transfer energy mechanism and

the possible role of Li as a phosphor. In the figure 5.5, semi-log plots of the normal-

ized decay times for the Nd transition at 865 nm of the CaF2:Nd4, CaF2:Nd4/Yb4 and

CaF2:Nd4/Yb4/Li3 phosphors are shown.

Also, decay times measurements of CaF2:Nd4/Yb4 and CaF2:Nd4/Yb4/Li3 phosphors

for Yb transition at 975 nm are shown.

All decay curves can be described by a double exponential decay time. No single

exponential decay time is representative of the distribution of Yb3+ ions around Nd3+ ions
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865 Samples τ1(µs) τ2(µs) τavg(µs)
CaF2:Nd4 646.51 14.26 612.80

CaF2:Nd4/Yb4 578.63 62.40 507.76
CaF2:Nd4/Yb4/Li2 646.77 25.19 622.24

Table 5.3: The fitted τ1 and τ2 values and the average lifetime τ at 865 nm for CaF2:Nd4,
CaF2:Nd4/Yb4, CaF2:Nd4/Yb4/Li2

975 Samples τ1(µs) τ2(µs) τavg(µs)
CaF2:Nd4/Yb4 500.02 14.26 612.80

CaF2:Nd4/Yb4/Li2 1011.73 466.75 812.62

Table 5.4: The fitted τ1 and τ2 values and the average lifetime τ at 975 nm for
CaF2:Nd4/Yb4, CaF2:Nd4/Yb4/Li2

[67].

The following equation was used to determine an accurate average lifetime using a

double exponential fitting:

I(t) = I0 + A1e
t/t1 + A2e

t/t2 (6)

where I(t) is the emission intensity at t , I0 is a constant related to the background, A1

and A2 are amplitude constants and τ1 and τ2, are the fast and slow lifetime components,

respectively. Based on the following equation [68] it was determined that the average

lifetime value of < τ > is as follows:

< τ >=
A1τ

2
1 + A1τ

2
1

A1τ1 + A1τ1
(7)

These data are showed in Tables 5.3 and 5.4

The average lifetimes of CaF2:Nd4/Yb4 and CaF2:Nd4/Yb4/Li2 phosphors were com-

pared at 865 nm and 976 nm. There are longer average lifetimes observed for CaF2:Nd4/Yb4/Li2,

indicating the presence of additional radiative recombination pathways, which could be as-

sociated with the improvement of the crystallinity and the reduction of quenching groups.
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The Burshtein Model [43, 69] was used in order to understand the transfer energy

mechanism.

I(t) = I0 · exp(−
t

t0
− γst

3/S − wmt) (8)

where I0 is the intensity at t=0, tau0 is the average lifetime of Nd3+ at 865 nm emission

in absence of Yb3+, γs is related with the direct energy transfer, ws is the migration rate

and S , which can be take 6, 8 or 10 constant values depending on electric interaction, 6 for

dipole-dipole (d-d), 8 for dipole-quadrupole (d-q) and 10 for quadrupole-quadrupole (q-q).

In this case, the dipole-dipole electric interaction presented the best fit. The value found

for the migration parameter ws was negligible (≈ 10−14s−1) for phosphors with and without

Li+, discarding the donor-donor energy migration via diffusion or the hopping process [69],

suggesting a direct donor-acceptor energy transfer. Through the Inokuti-Hirayama model,

direct energy transfer can be calculated [43, 44]:

γs =
4π

3
Γ(1− 3

S
)NA(

R0

τ
1/S
0

)3 (9)

where NA is the acceptor concentration and where R0 is the critical transfer dis-

tance. Using the 4 mol % Yb concentration NA≈ 2.44x1020 ions/cm3, values calcu-

lated for γs were 48.07 s−1/2 for CaF2:Nd4/Yb4 phosphors and 4.07 s−1/2 adding to

these Li (CaF2:Nd4/Yb4/Li2). While for R0 8.68 Å and 3.81 Å are critical distances for

CaF2:Nd4/Yb4 and CaF2:Nd4/Yb4/Li2 phosphors, respectively. Therefore, the addition

of Li results in a reduction in the critical distance between the sensitizer and the acti-

vator. These properties imply the formation of more Nd-Yb pairs, preventing quenching

for Nd-Nd and Yb-Yb concentration, and promoting more radiative transitions, thereby

increasing luminescence intensity, as shown in the Luminescence analysis section.
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Figure 5.4: (a)CaF2:Nd4/Yb4 (red line) and CaF2:Nd4/Yb4/Li (black line) emission spec-
tra upon excitation of Nd at 577 nm and (b) excitation spectra, monitoring the emission
of Nd at 1062 nm.
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Figure 5.5: Decay times spectra of CaF2:Nd4 (black squares), CaF2:Nd4/Yb4 (red circles)
and CaF2:Nd4/Yb4/Li (blue triangles) emission spectra upon excitation of Nd at 353 nm
and monitoring 865 nm.
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Figure 5.6: Decay times spectra of CaF2:Nd4/Yb4 (black squares) and CaF2:Nd4/Yb4/Li
(blue circles) emission spectra upon excitation of Nd at 353 nm and monitoring 975 nm,
Yb transition.





Chapter 6

Down-conversion in CaF2:Nd/Yb/Li

A down-conversion process involves the absorption of one high energy photon and the emis-

sion of two low energy photons. Dexter proposed the idea in 1957, considering a mechanism

in which energy is transferred from a donor to two acceptors, with each acceptor receiving

half the energy from a donor who is excited. A quantum yield greater than unity was first

observed in 1974 in a matrix doped with Pr3+ [70, 71], but not in the exact manner sug-

gested by Dexter, but involving two sequential steps from 1S0 level of Pr3 to 1I6, followed

by relaxation to 3P0 level and emission of a second visible photon from 3P0. Quantum cut-

ting via two sequential energy transfer steps was found for the first time through Gd3-Eu3

in a LiGdF4 matrix in 1999 by Mijerink et al. [72].

DC process between Nd3+ and Yb3+ was confirmed for in 2010 by J. M. Meijer et al.

[73] in a YF3 matrix. The DC process confirmation was done through a comparison be-

tween the intensities of excitation spectra of Nd for the 4F3/2 →4 I9/2 transition (at 865

nm) and of Yb for 4F5/2 →4 F7/2 transition (at 975 nm).

As was shown in chapter 4, the introduction of Yb3+ in CaF2:Nd4 phosphors allows the en-

ergy transfer between energy levels of Nd and Yb, increasing the intensity emission on NIR
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under 353 nm (Nd3+ 4D3/2 level) of excitation light. Further, UV light excitation causes

a higher emission on NIR than visible light emission, which suggests a down-conversion

process. Thus, a similar photoluminescence analysis to that performed by Meijer et al. has

been conducted in order to demonstrate the existence of DC processes in these phosphors.

First, it is necessary to describe the energy transfer between levels so that possible paths

can be identified.

6.1 Energy Transfer path

The DC process for energy transfer from Nd to Yb is shown in figure 6.1. In the first

step, Nd is excited through 4D3/2 level (with 353 nm light), then it decays by non-radiative

relaxation to the 2G9/2 level. In this point, part of the energy is transferred to Yb via

cross-relaxation 2G9/2 →4F3/2 to Yb 2F5/2 →2F7/2, which is followed by a second energy

transfer step Nd3+: 4F3/2 →4I9/2 (865 nm) to Yb3+: 2F7/2 →2F5/2 (975 nm) populating
2F5/2 level of Yb3+.

Hence, if there is only one path, the quantity of emitted photons at 975 nm (Yb3+:
2F7/2 →2F5/2) and at 865 nm (Nd3+: 4F3/2 →4I9/2) under UV excitation light must be the

same, before of populated 2F5/2 level of Yb3+.

6.2 Photoluminescence analysis

To confirm DC process, two emissions at 975 nm of Yb and at 865 nm of Nd were monitoring

upon 353 nm excitation; Nd transition. It was necessary to normalize both emission spectra

in relation to their 577 nm excitation peaks to obtain the correct proportion. The level

of intensity was expected to be similar. Therefore, intensities normalized for three Yb

concentrations (4, 5, 6 mol %) were integrated and are shown in the figure 6.2, a notable

difference between 865 nm and 975 nm emission is noticed. These results indicate that

there is another energy pathway from Nd to Yb.
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Figure 6.1: Energy levels of Nd3+ and Yb3+ ions and possible down-conversion mechanism
between Nd3+ and Yb3+ in CaF2:Li+ matrix.

Table 6.1 summarizes the concentration variation ratio. Moreover, the ratio increases

with an increase in Yb concentration. The reason is that major Yb quantities ensure

Yb close neighbors for each Nd ion and ensure the distance required to have a successful

transfer of energy between these ions. In this analysis, CaF2:Nd4/Yb6/Li3 achieved the

highest DC conversion efficiency.

The introduction of Li improves the luminescence intensity of CaF2 phosphors doped

with Nd and Yb as explained in the above section. In order to determine whether Li plays

any role in the DC process, an analysis of the integrated intensities ratio between Nd (865

nm) and Yb (975 nm) transitions was also conducted on CaF2:Nd4/Yb4/Li3 phosphors.

Comparison between CaF2:Nd4/Yb4 and CaF2:Nd4/Yb4/Li3 intensities are shown in the

figure 6.2 and ratios are described in the table 6.1. There is a slight variation in the ratios.
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Figure 6.2: Comparison of 353 nm integrated excitation intensities of CaF2:Nd4/Yb4 and
CaF2:Nd4/Li3 with 4, 5, 6 mol % of Yb phosphors monitoring 4F3/2 →4I9/2transition (865
nm) of Nd3+ and 2F5/2 →2F7/2 transition (975 nm) of Yb3+. The excitation spectra were
normalized at 577 nm (4G5/2) peak.

This ratio has a value of 1.25 for CaF2:Nd4/Yb4 and a value of 1.26 for CaF2:Nd4/Yb4/Li3.

In this regard, Li does not play a direct role in DC.

To analyzed the Yb role in the DC process, different Yb concentrations, were carried

out. Three different concentrations, 4, 5, 6 mol % of Yb were added to CaF2:Nd4/Li3,

obtaining the best luminescent intensity for Yb 5 mol % sample, as shown figure 6.3

The sample with the best luminescent characteristics CaF2:Nd4/Yb5/Li3 does not

match that with the highest DC efficiency, CaF2:Nd4/Yb6/Li3. It may be due to ex-
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Sample Ratio
CaF2:Nd4/Yb4 1.25

CaF2:Nd4/Yb4/Li3 1.26
CaF2:Nd4/Yb5/Li3 1.38
CaF2:Nd4/Yb6/Li3 1.50

Table 6.1: Ratio between normalized intensities of Nd at 865 nm and Yb at 975 nm for
CaF2:Nd4/Yb4, CaF2:Nd4/Yb4/Li3, CaF2:Nd4/Yb5/Li3, CaF2:Nd4/Yb6/Li3

cess Yb which causes quenching by concentration, which is reflected in a reduction in

luminescence intensity 6.3.

6.3 Luminescence effective quantum yield

Measurement of the external (effective) quantum yield (QYeff ) was done using an inte-

grating sphere. It was determined from the ratio of the number of photons emitted to the

number of photons absorbed by the sample. The number of photons emitted is represented

by the area under the spectrally corrected emission peak for a sample: Aem. The number

of photons absorbed is determined by the difference between the Rayleigh scattering peak

areas of a reference sample and a study sample: Ascatref −Ascatsample. When two different

detectors are used to measure scattering spikes and the emission spectrum of a sample,

differences in sensitivity should also be considered, and the equation can be written as

follows:

Qeff =
Aem

(Ascatref − Ascatsample)kRed−PMT/NIR−PMT

(1)

Where kRed−PMT/NIR−PMT is the ratio between sensitivities of the two detectors. In

the present study, a neutral density filter was placed in front of the path of excitation light.

In order to determine the ratio of sensitivity between the two detectors, a known signal

in the 750 to 800 nm range was measured with both detectors. The measurement for the
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Figure 6.3: Excitation spectra of CaF2:Nd4/Li3 phosphors with 4, 5, 6 mol % Yb moni-
toring 2F5/2 →2F7/2 transition of Yb3+ at 975 nm.

sample with the highest photoluminescence signal (CaF2:Nd4/Yb5/Li3) was 81±10 % for

UV (353 nm) and 37±5 % for visible (577nm) excitation. Considering that the 577nm is

associated with downshifting processes (one to one photon process), the measurement is

lower than that of the 353nm (about half as much when considering the experimental error

bars). Therefore, results confirm the existence of DC processes upon UV excitation (353

nm) in CaF2:Nd/Yb/Li phosphors.



Conclusion

Nd3+ and Yb3+ codoped CaF2 phosphors, synthezised by either coprecipitation or hy-

drothermal method, show a photoluminescence emission dominated by NIR, Yb emission

at 975 nm under UV (at 353 nm) and Vis (at 577 nm) light excitation The excitation

spectra for the Yb3+ emission at 975 nm, is associated in general to interelectronic energy

level of Nd3+, which indicate a energy transfer process from the excited Nd3+ ions to

the Yb3+ ions. Because of the high temperatures and pressures in HT synthesis, these

phosphors exhibit better structural and optical characteristics than CP.

Li+ incorporation in CaF2:Nd/Yb phosphors has a positive impact on their structural

and luminescent properties. This is because Li ions act as charge compensators. Li+ ions

also reduce hydroxyl and other high vibrational groups that act as non-radiative channels.

Furthermore, promote the formation of Nd-Yb pairs within the host. Consequently, the

intensity of emission and crystallinity are improving. The NIR emission intensity increased

3.75 fold when comparing CaF2:Nd/Yb/Li to CaF2:Nd/Yb phosphors.

Downconversion (DC) processes were confirmed in CaF2:Nd/Yb/Li phosphors upon

Ultraviolet excitation (at 353 nm). In the DC process, energy is transferred from the Nd

energy level excited at 353 nm to Yb energy level through two path. First, the material

absorbs UV photons, which decay nonradiative to the intermediate Nd3+ level (474 nm);

at this point, the photons can go directly to the Yb3+ transition, and then the other part of

the energy is transferred via cross-relaxation to a level closer to Yb3+ so that it can decay

radiatively. Values up to 150% of DC efficiency were determined in the photoluminescence
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excitation-emission spectra. For CaF2:Nd/Yb/Li phosphors, synthesized by HT method,

the optimal nominal concentrations of dopants are Yb 5 mol%, Nd 4 mol%, and Li 3 mol%.

Higher Yb concentrations of up to 5 mol% result in a higher DC efficiency. Nevertheless,

the luminescent intensity decreases because of quenching Yb concentrations. On optimal

phosphors, values of 81±10 and 37±15 were obtained from UV (at 353 nm) and Vis (at

577 nm) excitation to NIR (975 nm) emission for effective quantum yield measurements.

Therefore, the spectral conversion capability exhibited by these phosphors could improve

Si solar cell efficiency.



Future work and perspectives

The following are some perspectives and future work related to this work:

• Create CaF2:Nd/Yb/Li phosphors films to be use Silicon solar cells for improve their

efficiency.

– Embedding CaF2:Nd/Yb/Li phosphors in polymers.

– Embedding CaF2:Nd/Yb/Li phosphors in SiO2.

• Organic ligands could be paired with CaF2:Nd/Yb/Li phosphors to improve their

NIR emission.

• Incorporation of CaF2:Nd/Yb/Li phosphors in organic and inorganic matrix for fu-

ture energy harvesting applications.
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A B S T R A C T   

The structural and optical characteristics of Nd3+-Yb3+ doped CaF2 phosphors with and without the addition of 
Li+ ions are described in this work. The phosphors synthetized by hydrothermal and co-precipitation methods 
showed near-infrared (NIR) luminescence emission associated with inter-electronic transition of the Yb3+ ion in 
the range of 900–1050 nm via energy transfer process from Nd3+ ions under visible light excitation. The addition 
of Li+ to these phosphors resulted in an improvement of the NIR luminescence intensity by a factor up to 5. The 
effect of the incorporation of Li+ ions into the CaF2 crystallite structure, the reduction of luminescence quenching 
states, as well as the energy transfer mechanism involved are discussed.   

1. Introduction 

Internet of things (IoT) connects billions of devices to the internet, 
collecting and sharing information to make life easier. Although IoT are 
expected to be low-power devices, the analysts of International Data 
Corporation (IDC) predict a total of 41.6 billion of devices connected by 
2025 [1], which means a strong growth in the energy consumption. 
Photovoltaic (PV) conversion of indoor illumination visible light could 
help to face this challenge. However, most commercially available PV 
cells have a large spectral mismatch that limits their efficiency with 
today’s indoor illumination. This weakness, that limits the indoor use of 
PV devices, could be overcome by the development of downshifting 
materials designed to harvest visible light and convert it to NIR emission 
(up to 1127 nm), where the performance and efficiency could be better 
for specific types of PV cells, such as crystalline silicon (c-Si) cells. 

Lanthanides-based phosphors and films have been proposed as good 
candidates to enhance photovoltaic cells efficiency through frequency 
conversion processes [2–5], because of their multiple intra-band tran
sitions (4fn-4fn) with different energy levels and long stokes shift [6] that 
absorb and emit in a wide variety of wavelength lines. Besides, lantha
nides optical spectra are not modified when they are introduced into 
most of wide bandgap host materials, because 4f electrons are partially 
filled and well shielded from immediate 5s2 and 5p2 orbitals. The 

introduction of multiple lanthanides elements, carefully chosen, in a 
host allows to generate an efficient spectral conversion from ultraviolet 
and/or visible to the infrared region. Trivalent neodymium ions have 
electronic energy levels with absorption bands ranging from the UV to 
the NIR spectral region, while ytterbium has a unique energy level that 
emits in the NIR region (900–1100 nm) that can be absorbed by c-Si and 
other materials used in PV technology [7]. Co-doping of Nd3+ and Yb3+, 
as sensitizer and emitter, respectively, has been investigated in different 
host lattices, showing an efficient energy transfer among them and a 
strong near-infrared emission [8–16]. On the other hand, the most 
common materials used as host for lanthanide-based phosphors are 
metal oxides [17,18] and fluorides [9,19–21]. In particular, CaF2 has 
been used as host [22–25] in phosphor materials because of its chemical 
stability, low phonon energy, and optical transparency over a large 
range of wavelengths, from the UV to Visible and NIR [12,17–24]. 
Nevertheless, when trivalent ions are introduced in a CaF2 host lattice, 
replacing Ca2+ ions, lattice defects (mainly Ca-vacancies) are formed to 
maintain charge neutrality in the system, inducing localized energy 
states that degrade the luminescence performance of the phosphor. To 
solve this problem, alkali ions, such as Na+, K+ and Li+ ions, have been 
incorporated, as charge compensators, improving the luminescent 
properties of these phosphors [26–28]. Although, depending on the 
specific case, some of these alkali ions might not work as expected, 
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Gupta et al. [29], for instance, reported an emission enhancement of 
SrWO4:Eu3+ phosphors with the incorporation of Li+ ions, but not for 
Na+ and K+ ions. Other authors have also reported an enhanced emis
sion due to the Li+ ions incorporation in different lanthanide based 
phosphors, attributing this phenomenon to changes in the crystal 
structure and a crystallite size increment [11,30,31]. In this work, the 
effect of Li+ incorporation in Yb3+ and Nd3+ co-doped CaF2 phosphors 
on the NIR luminescence emission is reported. Moreover, the possible 
role that Li+ plays in the Nd3+ to Yb3+ energy transfer mechanism and 
its effect on the structural characteristics of the phosphor are discussed. 

2. Materials and methods 

2.1. Materials 

CaCl2⋅H2O (99.0%), NdCl3 ⋅6H2O (99.9%), YbCl3⋅6H2O (99.9%), 
LiCl (99.0%) and NH4F (98.0%) were purchased from Sigma-Aldrich 
and used without further purification. 

2.2. Synthesis of the CaF2:Nd3, Yb3+, Li+ nanostructured phosphors 

CaF2 doped with 4 mol% Nd3+ (denoted as CaF2:Nd), co-doped with 
4 mol% Nd3+ + 4 mol% Yb3+ (denoted as CaF2:Nd,Yb) and co-doped 
with 4 mol% Nd3+ + 4 mol% Yb3+ + 2 mol% of Li+ (denoted as CaF2: 
Nd,Yb,Li) phosphors were synthesized by co-precipitation and hydro
thermal methods. Stoichiometric amounts of CaCl2, YbCl3, NdCl3, and 
LiCl were dissolved on 10 mL of deionized water for 10 min to form a 
chloride salts solution (1 M). Then, a 15 mL aqueous solution (1 M) 
containing NH4F was added to chloride solution. 

2.2.1. Co-precipitation synthesis 
For co-precipitation (CP) synthesis, the solution was thoroughly 

mixed in a magnetic stirrer for 1 h at room temperature in ambient at
mosphere to transform the transparent reaction into opaque white sus
pension. The suspension was washed, at least two times, with deionized 
water to remove any possible remnants and centrifuged (5000 rpm, 10 
min). After this process, it was dried in vacuum at 60 ◦C for 12 h. The 
phosphors were gradually annealed, starting at 200 ◦C for 30 min, then 
at 400 ◦C for 30 min, and finally 600 ◦C for 1 h in air to improve their 
structural quality. 

2.2.2. Hydrothermal synthesis 
For hydrothermal (HT) synthesis, the solution was thoroughly mixed 

in a magnetic stirrer for 10 min at room temperature in ambient atmo
sphere. Then, the solution was transferred to a 120 mL Teflon-lined 
autoclave and heated for 8 h at 170 ◦C. The autoclave was left to cool 

down to room temperature. Finally, the phosphors were washed, dried, 
and annealed using the same procedure as for the CP method. 

2.3. Instruments and measurements 

XRD measurements were performed by Siemens D-500 diffractom
eter with CuKα (α = 1.54 Å), to know the crystalline structure. The 
photoluminescence characteristics were obtained using an Edinburgh 
Instruments 980S spectrophotometer. FT-IR spectroscopy was made 
using a 6700 FT-IR NICOLET Equipment. All measurements were carried 
out at room temperature. 

3. Results and discussion 

3.1. X-ray diffraction analysis 

XRD diffractograms for CaF2:Nd, Yb and CaF2:Nd,Yb,Li, synthesized 
by either co-precipitation (CP) or hydrothermal (HT) method, are shown 
in Figs. 1 and 2, respectively. All observed diffraction peaks correspond 
to the CaF2 cubic phase (standard PDF card #95-500-0223), suggesting 
that RE3+ and Li+ ions incorporation as dopants do not change the cubic 
phase of CaF2. However, there is a slight shift of the peaks with lan
thanides incorporation in the host matrix, and a partial recovery when 
Li+ ions are added. The incorporated RE3+, as they substitute the Ca2+

ions in the CaF2 matrix, generate lattice defects, mainly Ca vacancies, as 
a mechanism for preserving charge neutrality. This charge compensa
tion can be explained by the following defect reactions [32]: 

2Nd̅̅̅̅→
3CaF2 2Nd•

Ca + V ′′
Ca (1)  

2Yb̅̅̅̅→3CaF2 2Yb•
Ca + V ′′

Ca (2)  

Nd + Yb̅̅̅̅→
3CaF2 Nd•

Ca + Yb•
Ca + V ′′

Ca (3)  

where Nd•
Ca and Yb•Ca indicate a substituted Ca ion by RE (Nd or Yb) ion, 

while V′′
Ca represents Ca vacancies. 

The excess of positive charges is regularly compensated by intersti
tial fluorine ions around the Ca vacancy. Therefore, the increase of Nd3+

or Yb3+ concentration requires more F− ions to neutralize the charge, 
producing a strong charge repulsion between F− ions, increasing both 
the lattice constant [12] and disorder extent, reflected on the observed 
shift of the peaks towards lower angles and an increment of their full 
width at half-maximum (FWHM) [22]. 

Addition of Li+ ions to the RE3+ ions helps the charge compensation 
process as described by the following equations: 

Fig. 1. (a) XRD diffractogram of host CaF2 (blue), CaF2:Nd, Yb (purple) and CaF2:Nd,Yb, Li (green) by co-precipitation (CP) method and (b) local magnification for 
the dominant peak. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Nd + Li̅̅̅̅→3CaF2 Nd•
Ca Li′Ca (4)  

Yb + Li̅̅̅̅→3CaF2 Yb•
Ca Li′Ca (5) 

Li+ ions occupying interstitial sites result in the expansion of host 
lattice [33], whereas location of the alkaline ions in substitutional sites 
would lead a shrink in the host lattice [11]. It is suggested that inter
stitial CaF2:Nd, Yb sites occupied by F− are reduced by the introduction 
of the Li+ ions at some of the Ca2+ vacancies. The new RE3+ - Li+ pair at 
neighboring lattice sites replaces two Ca2+ ions, partially reducing the 
lattice distortion, which in turn decreases the peaks shift in the XRD 
diffractograms, as depicted in the local magnification shown in Fig. 1 (b) 
and 2 (b). Moreover, narrowed FWHMs are observed when Li+ ions are 
introduced, indicating an improvement in the crystallinity of the ma
terial (along with an increase of the crystallite size) [32] (Table 1). The 
crystallite size (D) was calculated using the well know Scherrer’s 
equation: 

D=
Kλ

βcosθ
(6)  

where K is a constant, with a value of 1 for the cubic CaF2 [34], λ is the 
wavelength of Cu-Kα radiation (0.15406 nm), β the full width at half 
maximum (FWHM) and θ the Bragg’s diffraction angle. Table 1 lists the 
calculated crystallite sizes for the samples studied. 

In general, the crystallite size is larger for the samples synthesized by 
CP method compared to those obtained by HT method. It is known that 
CP synthesis can involve rapid particle formation and agglomeration 
process which affect the size and properties of the products [35]. Hence, 
the larger crystallite size of the CP samples compared to HT samples 
could indicate lower agglomeration of particles during the HT synthesis 
[36]. Moreover, Fig. 3 shows that the peak shifting is lower for the HT 
sample compared with CP sample, which suggests a higher crystallinity 
structure for the HT synthesized phosphors. This could be due to the 
high-temperature and high-pressure reaction conditions in HT synthesis 
that usually produce nanomaterials with higher crystallinity compared 
with nanomaterials synthesized at “low-temperatures” by CP methods 

[37,38]. Further, the increase of the crystallite size by more than two 
times and the reduction of the shifting peaks when Li+ ions are intro
duced, for both synthesis methods, suggest an improved crystallinity of 
the co-doped CaF2:Nd, Yb phosphors. 

3.2. FT-IR analysis 

FT-IR transmittance spectra for the CaF2:Nd, Yb and CaF2:Nd,Yb, Li 
phosphors are shown in Fig. 4 for hydrothermal synthesized samples 
(similar behavior is displayed by the CP samples). The absorption band 
around at 448 cm− 1 is assigned to Ca–F bonds [34], while the band at 
2928 cm− 1 is associated with C–H vibration modes [39]. Water bands at 
1622 cm− 1 and around 3424 cm− 1 are assigned with O–H bonds of 
surface adsorbed water [30,40]. It can be noted that bands of O–H bonds 
are significatively reduced upon Li+ incorporation. Additionally, the 
bands around 1415 cm− 1 related to stretching vibrations of N–O [34], 
are also suppressed in presence of Li+, reflecting the fact that Li+ ions 
neutralize hydroxyl and other groups that are introduced during the 
phosphors synthesis [30]. Finally, the band at 2347 cm− 1 is present due 
to KBr pellets used for recording the FT-IR spectrum [36]. 

3.3. Photoluminescence analysis 

The excitation and emission luminescence spectral response of the 

Fig. 2. (a) XRD diffractogram of host CaF2 (blue), CaF2:Nd, Yb (purple) and CaF2:Nd,Yb, Li (green) by hydrothermal (HT) method and (b) local magnification for the 
dominant peak. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Crystalline size of CaF2:Nd, Yb and CaF2:Nd,Yb, Li synthesized by co- 
precipitation and Hydrothermal methods.  

Samples Crystallite size (nm) 

CaF2:Nd, Yb (CP) 35 
CaF2:Nd,Yb, Li (CP) 75 
CaF2:Nd, Yb (HT) 25 
CaF2:Nd,Yb, Li (HT) 55  

Fig. 3. XRD diffractogram of co-doped CaF2:Nd,Yb, Li by hydrothermal (pur
ple) and co-precipitation (green) method. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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phosphors synthesized by both CP and HT methods showed similar 
features, the differences being limited to the intensity variation associ
ated with differences in the structural characteristics described in the 
previous sections and with the luminescence enhancement induced by 
the incorporation of the Li+ ions (a factor of 2 or 5). Therefore, from this 
point on, the data presented, unless otherwise indicated, will be for 
phosphors synthetized by the hydrothermal method. 

The emission spectra of CaF2:Nd, under 577 nm excitation (see Fig. 5 
(a)) is composed by two peaks corresponding to the 4F3/2 → 4I9/2 and 
4F3/2 → 4I11/2 radiative transitions of Nd3+ doped sample. When Yb3+

ions are incorporated, the 2F5/2 → 2F7/2 radiative transition (peaked at 
976 nm) prevails over the Nd3+ ion emissions, evidencing the energy 
transfer (ET) process from Nd3+ to Yb3+ions. Some of the tail-like 
emissions observed at wavelengths longer than 976 nm could be due 
to the random distributions of Yb3+ ions around Nd3+ ions [15,16] 
and/or multiple energy transfer processes from Yb3+ to other Yb3+ ions 
[16]. 

Fig. 5 (b) shows the luminescence excitation spectra for the CaF2:Nd 
and CaF2:Nd, Yb phosphors monitoring 1062 nm and 976 nm emissions 
wavelength, respectively. The spectra of Nd3+ doped phosphors were 
amplified by a factor of 15 for comparison and clarity purposes. Both 
excitation spectra (recorded from 400 to 700 nm) show the same peaks, 
confirming the energy transfer (ET) mechanism from Nd3+ to the Yb3+

ions in the CaF2:Nd, Yb system. The aforementioned excitation peaks are 
centered around 426, 460, 474, 508, 522, 572, 577, 624 and 674 nm, 
corresponding to the Nd3+ transitions from the 4I9/2 ground state to the 
2P1/2, 4G11/2, 2G9/2, 4G9/2, 4G7/2, 2G7/2, 4G5/2, 2H11/2 and 4F9/2 excited 
states of this ion, respectively. The most intense excitation peak is 
centered at 577 nm, which corresponds to the Nd3+ 4I9/2 → 4G5/2 
transition; thus, a multi-phonon relaxation mechanism is proposed to 
occur from the Nd3+ 4G5/2 to 4F3/2 state, followed by an ET process to 
the Yb3+ ion to the 2F5/2 followed by a 2F5/2 → 2F7/2 radiative transition 
at 976 nm. This recombination path has been suggested to be the most 
likely to occur in Nd3+- Yb3+ doped phosphors [13]. 

The addition of Li+ ions (2%) to the Nd3+- Yb3+ co-doped phosphors 
does not change neither emission nor excitation spectra characteristics, 
but it does enhance the emission intensity by a factor of 5 (a factor of 2 
for the CP synthetized phosphors), as it is depicted in Fig. 6. It has been 
reported that phosphors in which trivalent lanthanide ions substitute 
divalent ions in the host matrix exhibit many lattice defects and the 

formation of Ln3+ clusters to balance the local charge in the host [41]. 
The role that Li+ ions play in these materials is to provide alternative 
mechanisms to compensate the local charge unbalance and thus alle
viate the generated lattice defects, which is consistent with the above 
discussed x-rays analysis where Li+ ions incorporation is found to induce 
changes on the crystal structure and on the average crystallite size. 

3.4. Time decay analysis 

To assess the energy transfer mechanisms from Nd3+ to Yb3+ions, the 
time decay behavior of the luminescence emission was studied. Semi-log 
plots of the normalized decay times for Nd3+ (865 nm, 4F3/2 → 4I9/2) and 
Yb3+ (976 nm, 2F5/2 → 2F7/2) emission, upon excitation of Nd3+ 4G5/2 
(577 nm) state, for Nd3+ doped and Nd3+- Yb3+ co-doped phosphors, 
with and without Li+, are depicted in Fig. 7. All decay curves could be 
described by double exponential decay time. The non-exponential decay 
of Nd3+- Yb3+ doped samples reflects the random distributions of Yb3+

ions around Nd3+ ions [15,16]. To obtain an accurate average lifetime, a 
double exponential fitting was performed using the following equation: 

I(t)= I0 + A1e−
t

τ1 + A2e−
t

τ2 (7)  

Fig. 4. FT-IR spectrum of CaF2:Nd, Yb (black) and CaF2:Nd,Yb, Li (red) phos
phors, synthetized by hydrothermal method. (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 5. (a) Emission spectra upon the excitation of Nd3+ at 577 nm and (b) 
excitation spectra, monitoring the emission of Nd3+ at 1062 nm for the CaF2:Nd 
(black line) and Yb3+ at 976 nm for CaF2:Nd, Yb (red line). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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where I(t) is the emission intensity at a time t, I0 is a constant related to 
the background, A1 and A2 are amplitude constants, and τ1 and τ2 are 
the fast and slow lifetime components, respectively. Using the fitted 
values for τ1 and τ2, an accurate average lifetime < τ > was calculated 
by the following equation [42]: 

τ =A1τ2
1 + A2τ2

2

A1τ1 + A2τ2
(8) 

The average calculated lifetime values for doped CaF2 samples are 
listed in Tables 2 and 3. A reduction of the lifetime value measured for 
the Nd @ 865 nm is observed when Yb3+ ion is present for samples with 
no Li+ (CaF2:Nd,Yb), as expected for an energy transfer mediated pro
cess. The energy transfer efficiency of Nd3+ to Yb3+ was estimated 
through the following expression [43]: 

η = 1 −
τd

τ0
d

(9)  

where τ0
d and τd are the average lifetimes of CaF2:Nd in absence and 

presence of Yb3+, respectively, calculated by using the Nd3+ 4F3/2 level 
decay time data; it gives as a result an energy transfer efficiency of 0.17. 

Analyzing average lifetimes of Yb3+ and Nd3+ emissions, in CaF2:Nd, 
Yb sample one can note a smaller average lifetime for Yb @ 976 nm than 

for Nd @ 865 nm, which could corroborate the possible energy transfer 
path from Nd3+ 4G5/2 to Yb3+ (2F5/2 → 2F7/2). The sample with Li+

(CaF2:Nd,Yb,Li), on the contrary, presents longer lifetimes for both the 
Nd @ 865 nm and the Yb @ 976 nm emissions. The observed increment 
of the average lifetime for both Nd3+ and Yb3+ ions emissions with 
respect to those of Li+ free samples may indicate that additional radia
tive recombination paths are introduced by the Li+ ions through the 
generation of localized energy states that favors the observed increment 
of Yb3+ related luminescence: it can be attributed to (i) improvement of 
the crystallinity and (ii) reductionof surface defects by the increased 
particle size [30]. 

The non-exponential decay of the Nd3+ ion 4F3/2 state for the co- 
doped Nd3+-Yb3+ samples was analyzed to know more about the 
transfer energy mechanism with the Burshtein Model [44,45]: 

I(t)= I0exp
(

−
t

τ0
− γst

3
/S − wmt

)

(10)  

where I0 is the intensity at t = 0, τ0 is the average lifetime of Nd3+ at 
865 nm emission in absence of Yb3+, γs is related with the direct energy 
transfer, wm is the migration rate and S can take constant values 
depending on electric interaction, namely 6 for dipole-dipole (d-d), 8 for 
dipole-quadrupole (d-q) and 10 for quadrupole-quadrupole (q-q). The 
best fit obtained for the data corresponds to S = 6, thus the energy 
transfer mechanism between Nd3+ and Yb3+ is assumed to be a dipole- 
dipole interaction. The migration parameter wm was negligible (~10− 14 

s− 1) for phosphors with and without Li+, discarding the donor-donor 
energy migration by diffusion or the hopping process [44], suggesting 
a direct donor-acceptor energy transfer. Therefore, γs (equation taken 
from the Inokuti-Hirayama model [45,46]) is given by: 

γs =
4π
3

Г
(

1 −
3
S

)

NA

(
R0

τ0

1
/S

)3

(11)  

where NA is the acceptor concentration and R0 is the critical transfer 
distance. From the fitting (S = 6) of the decay curve to expression (9), a 
γs value of 4.07 s− 1/2 and 48.07 s− 1/2 is obtained for Nd3+- Yb3+ doped 
CaF2 with and without Li+ ions, respectively. Using the Yb3+ ion con
centration (4% mol) NA ≈ 2.44× 1020 ions/cm3, the values calculated 
for R0 are 3.81 Å and 8.68 Å for samples with and without Li+ ions, 
respectively, implying a decrease of the sensitizer-activator critical 
distance induced by Li+ ions incorporation [47]. Since also the lumi
nescence intensity increases with Li+ ions, it suggests that, together with 
the charge compensation action of Li+ ions, changes in the host matrix 
structure are induced that result in a reduction on the formation of Nd3+- 
Nd3+ and/or Yb3+- Yb3+ clusters, favoring the formation of Nd3+- Yb3+

pairs in the host and decreasing non-radiative recombination processes 
[11,32,48]. 

3.5. Energy transfer processes 

The energy level diagram of Nd3+ and Yb3+ ions and the energy 
transfer processes between them are presented in Fig. 8. Upon Nd3+ 4G5/ 

2 state excitation at 577 nm in Nd3+- Yb3+ co-doped samples, two 
possible energy transfer paths could happen. The first possible energy 
transfer path is from Nd3+ 4G5/2 to Yb3+ (2F5/2 → 2F7/2). The second 
energy transfer path, which is proposed in some literature [13,15,45], is 
Nd3+ (4G5/2 → 4F3/2) and Yb3+ (976 nm, 2F5/2 → 2F7/2). In the case of 
introduction of Li+ into the matrix, similar possible energy transfer and 
radiative recombination paths are proposed, but they are affected by the 
reduction of separate clustering of Nd3+- Nd3+ and/or Yb3+- Yb3+ and 
by the formation of Nd3+- Yb3+ pairs, as described above, which would 
reduce non-radiative recombination paths. 

Fig. 6. (a) Emission spectra upon the excitation of Nd3+ at 577 nm and (b) 
excitation spectra monitoring the emission of Yb3+ at 976 nm, for the CaF2:Nd, 
Yb (red line) and CaF2:Nd,Yb, Li (black line). (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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4. Conclusion 

Nano-structured CaF2:Nd, Yb and CaF2:Nd,Yb, Li phosphors were 
synthesized successfully by co-precipitation and hydrothermal method. 
The introduction of Li+ ions as charge compensators in CaF2:Nd, Yb 
samples improves the crystallinity of the phosphors, reduces hydroxyl 
and other groups that work as non-radiative channels and decreases the 
formation of Nd3+- Nd3+ and/or Yb3+- Yb3+ clusters, favoring the for
mation of Nd3+- Yb3+ pairs in the host, decreasing non-radiative 
recombination processes. This is reflected in the visible-light excited 
NIR luminescence emission, which is enhanced by factor of 2 and 5 times 

for phosphors synthesized by the co-precipitation and hydrothermal 
method, respectively. The present results suggest the potential use of 
CaF2:Nd,Yb, Li phosphors for indoor visible light harvesting in 

Fig. 7. Decay curves of Nd3+ 4F3/2 (865 nm) in samples of (a) CaF2:Nd, (b) CaF2:Nd, Yb (c) and CaF2:Nd,Yb, Li and decay curves of (d) Yb3+ 2F5/2 (976 nm) state 
emission upon Nd3+ 4G5/2 state excitation at 577 nm. 

Table 2 
The fitted τ1 and τ2 values and the average lifetime τ at 865 nm for CaF2:Nd, 
CaF2:Nd, Yb and CaF2:Nd,Yb,Li.  

865 nm Samples τ1(μs) τ2 (μs) τavg(μs)
CaF2:Nd 646.51 14.26 612.80 
CaF2:Nd,Yb 578.63 62.40 507.76 
CaF2:Nd,Yb,Li 646.77 25.19 622.24  

Table 3 
The fitted τ1 and τ2 values and the average lifetime τ and at 976 nm for CaF2: 
Nd, Yb and CaF2:Nd,Yb,Li.  

976 nm Samples τ1 (μs) τ2 (μs) τavg (μs)
CaF2:Nd,Yb 500.02 166.67 348.60 
CaF2:Nd,Yb,Li 1011.73 466.75 812.62  

Fig. 8. Energy level diagram Nd3+ and Yb3+ ions and energy transfer process 
between them in CaF2 host. 
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photovoltaic cells for IoT powering applications. 
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A B S T R A C T   

Down conversion (DC) in rare-earth-doped optical materials is a process of great interest for the possibility of a 
substantial increase of the efficiency of silicon solar cells. Here we report the structural and photoluminescence 
properties of co-doped CaF2 phosphors obtained by hydrothermal synthesis. In particular, the DC photo
luminescence characteristics for UV (353 nm) excitation of Nd3+/Yb3+ co-doped CaF2 phosphors are discussed, 
underlining the effects due to the co-doping with Li+. The photoluminescence emission is dominated by the near- 
infrared (NIR) Yb3+ emission peaked at 975 nm, although the excitation spectrum corresponds to the charac
teristic peaks associated with Nd3+ excitation at both the UV and visible wavelength ranges. The Nd3+ to Yb3+

energy transfer mechanisms were determined from a detailed analysis of the excitation spectra characteristics of 
Nd3+ and Nd3+/Yb3+/Li + doped CaF2 phosphors. DC photoluminescence for UV excitation was confirmed by 
both the analysis of DC quantum yield efficiency and effective quantum yield measurements. In the first case, an 
efficiency up to 150% was found, while the effective quantum yield measurements, carried out for the UV (DC) 
and visible (downshift) excitation and NIR photoluminescence emission, give values of 81 ± 10% and 37 ± 5% 
for excitation with 353 nm and 577 nm light, respectively.   

1. Introduction 

Down conversion materials have been widely studied and developed 
[1–9] because capacity to transform one higher energy photon into two 
or more lower energy photons. Photovoltaic technology is one of the 
areas that could take advantage of these materials. It is known that 
maximum theoretical efficiency for a single-junction (c-Si) solar cell is 
30%, which is determined by the Shockley-Queisser limit [10]. The main 
reason for this low efficiency is the mismatch of the solar light spectrum 
with the silicon absorption spectrum, determined by the bandgap. 
Thermalization of the charge carriers with energy larger than the Si 
bandgap (Eg = 1.12 eV) [11] is the main responsible for the energy loss 
through non-radiative mechanisms. Thus, there are two spectrum 
modification strategies to overcome the Shockley-Queisser limit: the 
up-conversion and the down conversion (quantum cutting) approaches 
[12]. The up-conversion transforms two or more low-energy photons 
(lower than the Si gap) into one higher energy photon (equal or higher 

than 1.1 eV) that can be efficiently absorbed by the c-Si solar cell. This 
approach has a low quantum yield by nature, requiring high intensity 
light sources to operate. The down conversion approach (DC), on the 
other hand, converts a high energy photon into two lower-energy pho
tons (this mechanism is also called quantum cutting, because the energy 
of a given photon is split into two photons whose sum of energies is 
equal to or slightly less than the original energy). Hence, luminescent 
layers based on lanthanides were proposed as an alternative to improve 
solar cells efficiency through down conversion mechanism [13,14]. 

The first possible application of sunlight DC in solar cells was studied 
theoretically by Trupke et al., in 2002 [15]. They demonstrated that a Si 
solar cell with an ideal DC layer can achieve a maximum energy con
version efficiency of 38.6% with unconcentrated sunlight. The first 
realization of the quantum cutting luminescence of lanthanide ions was 
based on the Tb3+–Yb3+ pair [16]. Trivalent ytterbium is one of the 
lanthanides most used in this approach because it has a single excited 
state 2F5/2, with an energy difference around 10,000 cm− 1 (1000 nm) 

* Corresponding author. 
E-mail address: jessica.deanda@cinvestav.mx (J. De Anda).  

Contents lists available at ScienceDirect 

Journal of Luminescence 

journal homepage: www.elsevier.com/locate/jlumin 

https://doi.org/10.1016/j.jlumin.2021.118241 
Received 17 February 2021; Received in revised form 19 April 2021; Accepted 27 May 2021   



Journal of Luminescence 238 (2021) 118241

2

with respect to the ground state 2F7/2: the emitted photons at ~ 1000 nm 
can be efficiently absorbed by c-Si solar cells. Therefore, the RE/Yb3+

co-doped material systems (RE = Pr3+ [17–19], Tb3+ [20–24], Tm3+ [6, 
25], Ce3+ [26,27], Ho3+ [28], Er3+ [29,30], Eu2+ [21,31,32], Nd3+ [18, 
33,34]) have attracted much attention in recent years. In these cases, an 
effective energy transfer (ET) between lanthanide ions is an important 
factor to have high quantum yields (QY); hence, the lanthanide selection 
is made to have the less spaced energy levels between RE ions. In this 
sense, the best potential pairs for this purpose are Er3+/Yb3+, 
Nd3+/Yb3+, and Pr3+/Yb3+ [4]. Another important issue to obtain 
efficient DC materials is the choice of the proper host material, which 
must have a large band gap and low phonon energy to minimize mul
tiphonon relaxation processes between the closely spaced RE3+ energy 
levels. Metal fluorides have wide-band gaps and low phonon energy in 
general, which make them appropriate hosts for DC materials [5]. 
Among them, CaF2 has been widely studied and co-doped with different 
lanthanides, Eu2+/Yb3+ [35], Tb3+/Yb3+ [24,36], Ce3+/Tb3+ [22,26], 
Eu2+/Tb3+ [21,37], Eu3+/Tb3+ [38], Er3+/Yb3+ [39], Ce3+/Yb3+ [40, 
41], and Nd3+/Yb3+ [42–44]. Last pair has been studied also in different 
host materials [33,34,45–49] and it was selected in this work. In 2006 
CaF2:Nd3+/Yb3+ single crystal was firstly reported by V. Petit et al. for 
laser applications [42] but the DC mechanism was not analyzed. In 2017 
B. Xu et al. studied up-conversion luminescence of CaF2:Nd3+ and CaF2: 
Nd3+/Yb3+ phosphors co-doped with Na+ as charge compensator, 
improving the energy transfer between Nd3+ and Yb3+ ions upon 800 
nm excitation, in the latter case [43]. In a previous paper we have shown 
that the incorporation of Li + as charge compensator in CaF2:Nd3+/Yb3+

phosphors leads to an enhancement of the NIR photoluminescence 
excited by visible light [44]. Thus, we considered it could be worthwhile 
to extend the characterization of Li-compensated Nd3+/Yb3+ co-doped 
CaF2 phosphors to the case of down-conversion. It has also to be noted 
that, whereas there is an increasing number of papers in the literature 
concerning the effect of Li+ addition on the luminescence enhancement, 
at our knowledge there have been very few studying the 
downconversion. 

Even though, as noted above, there is a large number of works 
reporting DC mechanism in different types of lanthanide co-doped hosts 
with high energy transfer yields, only few of them report experimental 
effective QY measurements for UV–Vis–NIR DC luminescence. Some of 
the experimental effective QY reported at NIR emission trough an 
integrating sphere are: 11.5% for SF2:0.3Tb-2.7 Yb [50], 9.21% for 
CaF2:30Nd/Na@CaF2 [51], up to 18.7% for NaErF4@NaYbF4@NaYF4 
[52], 35 ± 5% for Gd2O3:1Bi, 4 Yb [27], 5.6% for CaF2:0.1Ce:10 Yb 
[41]. In the present work, optimization RE3+ doping concentrations was 
done to boost the QY efficiency with respect to these literature studies. 
Additionally, the energy transfer mechanism between Nd3+ and Yb3+ is 
investigated when these phosphors are excited by UV light (353 nm). 
The contribution of Li+ ions on the luminescence intensity enhancement 
and the DC processes is also analyzed considering the time-resolved PL 
emission and the excitation/emission spectral characteristics of 
Nd3+/Yb3+/Li+ co-doped CaF2 phosphors. 

2. Materials and methods 

2.1. Materials 

CaCl2⋅H2O (99.0%), NdCl3 ⋅6H2O (99.9%), YbCl3⋅6H2O (99.9%), 
LiCl (99.0%) and NH4F (98.0%) powders were purchased from Sigma- 
Aldrich and used without further purification. 

2.2. Synthesis of the CaF2:Nd3+, CaF2:Nd3+/Yb3+ and CaF2:Nd3+/ 
Yb3+/Li+ nanostructured phosphors 

Co-doped CaF2 phosphors were synthesized by hydrothermal 
method. The compositions synthetized were: (a) CaF2 doped with 4 mol 
% Nd3+ (denoted as CaF2:Nd4); (b) co-doped with 4 mol% Nd3+ and 4 

mol% Yb3+ (denoted as CaF2:Nd4/Yb4); and (c) co-doped with 4 mol% 
Nd3+, X mol% Yb3+ and Z mol% Li+ concentrations (denoted as CaF2: 
Nd4/YbX/LiZ), where X = 4, 5, 6 and Z = 1, 2, 3, 4. RE3+ and Li +

concentrations were decided from preliminary trials and following 
previous studies [44]. The synthesis was carried out with the same 
procedure described for CaF2:Nd3+:Yb3+:Li+ in a previous article [44]. 
Stoichiometric amounts of CaCl2, YbCl3, NdCl3, and LiCl were dissolved 
in 10 mL of deionized water for 10 min. A 1 M of NH4F aqueous solution 
was added to chloride solution, mixed for 10 min and transferred to a 
Teflon/Lined autoclave. After 8 h heating at 170 ◦C, the autoclave was 
cooled down at room temperature. Then, the suspension was washed, 
dried and finally gradually annealed (200 ◦C for 30 min, 400 ◦C for 30 
min and 600 ◦C for 2 h). 

2.3. Instruments and measurements 

XRD measurements were performed by Siemens D-500 diffractom
eter with CuKα source (α = 1.54 Å). The photoluminescence charac
teristics, DC and downshifted near-infrared photoluminescence and 
time-resolved fluorescence measurements were carried out using an 
Edinburgh Instruments 980 S spectrophotometer. The measurements of 
the external (effective) quantum yield (QYeff) were performed with an 
integrating sphere in the same Edinburgh instrument. All measurements 
were carried out at room temperature. 

3. Results and discussion 

3.1. X-ray diffraction analysis 

XRD diffractograms for CaF2:Nd4/Yb4 with different Li+ ions con
centration are depicted in Fig. 1. All observed diffraction peaks corre
spond to the CaF2 cubic phase (standard PDF card #96-100-0044), 
hence the incorporation of RE3+ and Li + ions as dopants does not 
change the CaF2 cubic phase. However, shifts towards higher angles due 
to the introduction of Li+ ions up to a 2% concentration are noticed, as 
shown in Fig. 1(b) for the peak at ~47◦. At higher Li+ concentrations (3 
and 4%) this peak shifts back towards lower angles. The incorporation of 
RE3+ in CaF2, substituting Ca2+ ions, is known to generate an excess of 
positive charges which is regularly compensated by interstitial fluorine 
ions around a Ca vacancy. The charge repulsion between F− ions and the 
difference in size with replacing ions finally produces lattice defects. 
When Li+ ions are introduced into CaF2:Nd/Yb phosphors as charge 
compensators, they can occupy, due to their small ionic radius (~0.92 
Å), Ca2+ (ionic radius ~ 1.12 Å) substitutional or interstitial sites in the 
lattice, leading to a shrinkage or an expansion of the host, respectively 
[18,53,54]. Therefore, reducing lattice effects generated by interstitial 
F− ions. The above described behavior of the CaF2:Nd/Yb x-ray dif
fractograms (Fig. 1(b)) indicates that for Li+ concentrations up to 3 mol 
%, Li + ions substitute Ca2+ vacancies sites, while a higher Li+ concen
tration starts filling interstitial sites as well. Furthermore, the intensity’s 
second peak (highest XRD peak for CaF2 compound) is recovered with 
the Li+ addition (Fig. 1(a)) and the lower FWHM for Li 1,2,3 mol% 
concentrations, suggesting a crystallinity improvement. Crystallite size, 
calculated through Scherrer equation, increases from 25 up to 92 nm 
approximately for Li+ from 1 to 3 mol%, and then decreases to 76 nm for 
4 mol% Li+ concentration. Therefore, for most of this work, CaF2:Nd/Yb 
phosphors with Li+ concentration up to 3 mol% are considered, unless 
stated otherwise. 

3.2. Photoluminescence analysis 

Fig. 2 shows, in the left part, the UV and visible, excitation spectra for 
CaF2:Nd4, monitoring the NIR emission spectra of Nd3+ 4F3/2 → 4I11/2 
transition at 1062 nm. On the right side, NIR emission spectra upon 353 
nm (black line) and 577 nm (red line) excitation.The intensities of Nd3+

emission peaks at 1062 and 865 nm are similar for both, UV and visible 
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excitation wavelengths. 
Fig. 3 shows similar data for CaF2:Nd4/Yb4 phosphors; in this case, 

the dominant NIR emission corresponds to Yb3+ 4F5/2 → 4F7/2 transition 
at 975 nm, while the Nd3+ emission peaks (4F3/2 → 4I9/2 at 865 nm and 
4F3/2 → 4I11/2 at 1062 nm) are drastically reduced. The excitation peaks 
for the 975 nm Yb emission are basically those associated with the 
electronic energy levels transitions of Nd3+ ion, which confirms the 
presence of an energy transfer process from the Nd3+ ions to the Yb3+

ions. When the CaF2:Nd4/Yb4 phosphors are co-doped with Li+ ions 
(Fig. 4), a luminescence intensity increase is observed. Li+ concentra
tions from 0 to 4 mol% were introduced in these phosphors, giving as a 
result that the phosphor with Li+ 3 mol% concentration presented the 
highest luminescent intensity, also the XRD analysis show the best 
crystallite characteristics for this Li+ concentration. The effect of Li+

addition to these phosphors has been described in detail in a previous 
article [44] and it is related to reduction of localized defects and 
improvement of the crystallinity induced by the Li+ ions in the Nd, Yb 
doped CaF2 crystallites. The incorporation of RE3+ in CaF2, substituting 
Ca2+ ions, is known to generate an excess of positive charges which is 
regularly compensated by interstitial fluorine ions around a Ca vacancy 
site. The charge repulsion between F− ions and the difference in size 
with replacing ions finally produces lattice defects, which are evidenced 
by the observed XRD peaks shifting and shape broadening when no Li is 

Fig. 1. (a) XRD diffractogram of CaF2:Nd4/Yb4 with different Li+ ion concentrations. (b) Dominant peak local magnification.  

Fig. 2. UV and visible (blue line) excitation spectra for CaF2:Nd4, monitoring 
the Nd3+ 4F3/2 → 4I11/2 transition at 1062 nm. On the right side: NIR emission 
spectra upon 353 nm (Nd3+: 4I9/2 → 4D3/2, black line) and 577 nm (Nd3+: 4I9/2 
→ 4G5/2, red line) excitation. 

Fig. 3. UV and visible (blue line) excitation spectra for CaF2:Nd4/Yb4, moni
toring 2F5/2 → 2F7/2 transition of Yb3+ at 975 nm. On the right side: NIR 
emission spectra upon 353 nm (Nd3+: 4I9/2 → 4D3/2, black line) and 577 nm 
(Nd3+: 4I9/2 → 4G5/2, red line) excitation. 

Fig. 4. Excitation spectra of CaF2:Nd4/Yb4 (black line), CaF2:Nd4/Yb/Li2 
(blue line) and CaF2:Nd4/Yb/Li3 (red line), at 4D3/2 level (353 nm) and 4G5/2 
level (577 nm), monitoring 2F5/2 → 2F7/2 transition of Yb3+ at 975 nm. 
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added (Fig. 2 in ref. 44 for XRD of hydrothermal synthesized CaF2 
phosphors). Co-doping with Li+ results in a partial recovery of the peaks 
position and broadness, indicating the reduction of the localized defects 
induced by the Ln dopants and the consequent crystallinity 
improvement. 

There are two aspects to point out from these results: the first one is 
the enhancement of the photoluminescence intensity due to the intro
duction of Li+ ions (Fig. 4), whereas the second one refers to the in
tensity ratio of the 353 nm to the 577 nm excitation peaks (Fig. 3). The 
353 nm excitation of Nd3+ in a Yb3+ co-doped phosphor has the capa
bility of a DC energy transfer to Yb3+ ions (see Fig. 5), while the exci
tation with 577 nm can only result in a down-shift energy transfer 
process. Thus, the comparison of the ratio of these excitation peaks with 
that of a sample only doped with Nd3+ (Fig. 2) can be used as an indi
cator for the DC process occurrence in these phosphors when excited 
with 353 nm light. The difference in the excitation peaks ratio, in this 
case, suggests a down-conversion process presence for the 353 nm 
excitation [34,48,49,55]. The DC mechanism, through a Nd3+ to Yb3+

two-step energy transfer path, is depicted in Fig. 5. After Nd3+ 4D3/2 
level is excited (with 353 nm light), it decays by non-radiative relaxation 
to the 2G9/2 level. Then, part of the energy is transferred to Yb3+ via 
cross relaxation 2G9/2 → 4F3/2 to Yb3+:2F5/2 → 2F7/2 followed by a sec
ond energy transfer step Nd3+:4F3/2 → 4I9/2 to Yb3+:2F7/2 → 2F5/2, 
populating 2F5/2 level of Yb3+. 

A confirmation for the DC process occurrence in Nd3+/Yb3+ co- 
doped materials has been proposed earlier by J.M. Meijer et al. in the 
case of YF3:Nd/Yb phosphors [34], through the comparison between the 
intensity of the excitation spectra of Nd3+ for the 4F3/2 → 4I9/2 transition 
(at 865 nm) and that for Yb3+ 4F5/2 → 4F7/2 transition (at 975 nm), as 
described above. Since the emission intensity for these two peaks is 
different, both spectra are normalized at the 4G5/2 level excitation peak 
at 577 nm, where a down-shift process occurs. If a DC process is present 
at any other level that has the requirements to produce this process, then 
the ratio of the excitation peak for these two emission wavelengths (975 
and 865 nm) corresponding to this transition should be larger than 1 (up 
to 2), as two instead of one IR photons are generated in this process (the 
factor associated with absorption is cancel out by taking the ratio of the 
excitation peak for the two emission wavelengths). The 
down-conversion efficiency is calculated using the excitation peak ratio. 

Fig. 6 shows the excitation spectra for CaF2:Nd4 monitoring the 4F3/ 

2 → 4I11/2 transition of Nd3+ at 1062 nm and for CaF2:Nd4/Yb4/LiZ (Z =
0, 2, 3), monitoring 2F5/2 → 2F7/2 transition of Yb3+ at 975 nm; all 
spectra are normalized at the 577 nm (4G5/2) peak intensity. The relative 

intensity of the excitation peak at 353 nm (Nd3+ 4D3/2 level) increases in 
all the CaF2:Nd4/Yb4/LiZ (Z = 0, 2, 3) phosphors, as expected from a DC 
photoluminescent process, and the maximum ratio is found for the 
sample with CaF2:Nd4/Yb4 with Li+ ions. As mentioned above, Li+ ions, 
working as charge-compensators, not only reduce the Ca2+ vacancies 
generated by the introduction of lanthanides (RE3+) in CaF2, but also 
reduce the interstitial F− ions, which generate lattice distortion. The 
reduction of lattice distortion improves the phosphors crystallinity and 
promotes the formation of Nd3+/Yb3+ pairs [44]. Further, flux proper
ties [22,56] and reduction of quenching groups are attributed to Li+ ions 
[44]. All characteristics mentioned are reflected in the increase of in
tensity emission of CaF2: Nd, Yb with Li+ ions addition. 

A Yb3+ concentration variation was also carried out to determine the 
Yb3+ contribution to the photoluminescence emission. Three different 
Yb3+ concentrations were analyzed (Fig. 7): CaF2:Nd4/YbX/Li3 (X = 4, 
5, 6). For each Li concentration, the 353 nm–577 nm excitation peaks 
ratio was similar while the overall luminescence intensity was signifi
cantly affected, being maximum for X = 5. To pin down the contribution 
of Li+ and Yb3+ concentrations in the DC mechanism and to estimate the 
DC efficiency, the excitation peak intensities at 353 nm were measured 

Fig. 5. Energy levels of Nd3+ and Yb3+ ions and possible down-conversion 
mechanism between Nd3+ and Yb3+ in CaF2:Li+ matrix. 

Fig. 6. Excitation spectra normalized at 577 nm (4G5/2) of CaF2:Nd4/Yb4/LiZ 
(Z = 0, 2, 3) monitoring 2F5/2 → 2F7/2 transition of Yb3+ at 975 nm and of CaF2: 
Nd4 monitoring 4F3/2 → 4I11/2 transition of Nd3+ at 1062 nm. 

Fig. 7. Excitation spectra of CaF2:Nd4/YbX/Li3 phosphors (X = 4, 5, 6), 
monitoring 2F5/2 → 2F7/2 transition of Yb3+ at 975 nm. 
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for each sample, monitoring the Nd3+ 4F3/2 → 4I9/2 transition (865 nm) 
and the Yb3+ 2F5/2 → 2F7/2 transition (975 nm). These peak intensities 
were compared after normalizing the spectra to the excitation peak at 
577 nm (4G5/2 level) [34]. Fig. 8 shows, in a bar diagram, the integrated 
excitation intensities of the 4D3/2 state of Nd3+ (353 nm) of CaF2: 
Nd4/YbX/LiZ (X = 4, 5, 6, and Z = 0, 3) phosphors for λem = 865 nm 
(Nd3+ 4F3/2 → 4I9/2 transition) and for λem = 975 nm (Yb3+ 2F5/2 → 2F7/2 
transition), both normalized at 577 nm (4G5/2) excitation peak. The 
integrated intensity ratio for 975 nm and 865 nm emission upon 4D3/2 
level (353 nm) excitation wavelength is 1.25 for CaF2:Nd4/Yb4 and 
1.26, 1.38 and 1.50 for CaF2:Nd4/YbX/Li3 where X = 4, 5 and 6, 
respectively. Hence, a DC luminescence efficiency up to 150% is ob
tained for the phosphor with the largest amount of Yb3+ (6 mol%). The 
intensity ratio for the phosphor with 4 mol% Yb remains practically 
unchanged with and without Li+ (1.25 and 1.26, respectively), indi
cating that there is no direct contribution of Li+ to the DC mechanism, as 
it is observed in Fig. 6. The increase of intensity with increasing Yb3+

ions content indicates the presence of more Yb3+ ions as close neighbors 
for each Nd3+ ion at a distance appropriated for efficient transfer of 
energy, hence, more emitting Yb3+ ions. However, competing 
non-radiative processes, such as a concentration quenching for Yb3+

ions, could result in an eventual reduction on the external emission in
tensity, as the maximum external luminescence intensity is observed for 
Yb = 5 mol% rather than with Yb = 6 mol% (see Fig. 7). 

3.3. Time decay 

Fig. 9 illustrates the behavior of the normalized time decay curves, in 
a semilogarithmic scale, for the Nd3+ 865 nm emission excited with 353 
nm for the CaF2:Nd4/YbX/Li3 (X = 0, 4) samples. These curves show a 
fast initial decay τ1, shorter than 20 μs, followed by a slower decay part 
with τ2 constant. The resolution of the experimental arrangement used 
for this work was 10 μs; thus, the adjusted value for τ1 indicates only the 
upper limit for this time constant, its real value being surely shorter than 
the fitted one. Table 1 lists the fitted τ1 and τ2 values for CaF2:Nd4/YbX/ 
Li3 (X = 0, 4, 5, 6) phosphors according to the following double expo
nential fitting equation [57]: 

I(t)= I0 + A1e−
t

τ1 + A2e−
t

τ2 (1)  

where I(t) is the normalized emission intensity as a function of time t, I0 
is a constant related to background, A1 and A2 are amplitude constants, 
and τ1 and τ2 are the fast and slow lifetime constants, respectively. The 
average lifetime τavg, also listed in Table 1, is calculated through the 

following equation [57]: 

τ=A1τ2
1 + A2τ2

2

A1τ1 + A2τ2
(2) 

Most of the information regarding the energy transfer from Nd3+

(4F3/2 level) to Yb3+ is contained in the variations of the rapid decay 
with and without Yb3+ co-doping; unfortunately, this information is not 
resolved with the instrumentation used, therefore future work regarding 
this particular aspect is needed. The slow part of the time decay shows a 

Fig. 8. Comparison of 353 nm integrated excitation intensities of CaF2:Nd4/Yb4 and CaF2:Nd4/YbX/Li3 phosphors (X = 4, 5, 6) monitoring 4F3/2 → 4I9/2 transition 
(865 nm) of Nd3+ and 2F5/2 → 2F7/2 transition (975 nm) of Yb3+. The excitation spectra were normalized at 577 nm (4G5/2) peak. 

Fig. 9. Lifetime measurements of CaF2:Nd4/YbX/Li3 (X = 0, 4), for Nd3+ 4F3/2 
emission (865 nm) emission upon 4D3/2 level excitation of Nd3+ (353 nm). 

Table 1 
Fitted τ1, τ2 and τavg for Nd3+ emission at 865 nm (4F3/2 level) in CaF2:Nd4/Li3, 
with different Yb3+ concentrations, upon excitation of Nd3+ at 353 nm (4D3/2 
level).   

Yb0/Li3 Yb4/Li3 Yb5/Li3 Yb6/Li3 

A1  0.93 0.82 0.79 0.78 
τ1(μs) 13.93 12.45 12.87 12.68 
A2  0.06 0.16 0.19 0.19 
τ2(μs) 425.05 674.79 744.15 662.81 
τavg(μs) 279.07 617.80 693.77 615.17  
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time constant increment with the introduction of the Yb3+ ions, which 
tends to be higher for the sample with 5 mol% Yb3+ content, which is 
also the most luminescent phosphor. 

Fig. 10 shows the time decay plot for the Yb3+ emission at 975 nm 
(2F5/2 level) following the excitation of Nd3+ at 353 nm (4D3/2 level) for 
CaF2:Nd4/Yb4 and for CaF2:Nd4/YbX/Li3 phosphors (X = 4, 5, 6). In 
this case, two exponentials are also needed to fit the data, although the 
time constants are well defined, and the dominant decay corresponds to 
the larger average time constant for the samples containing Li 3 mol% 
(Table 2). In particular, an evident increase in the time constant is 
observed for the sample with Li+, CaF2:Nd4/Yb4/Li3, compared with 
the one without Li+. Longer average lifetimes could indicate more 
favorable Yb3+ -Nd3+ pairs formation due to Li + introduction; hence, 
larger Nd3+ concentrations are required to start seeing concentration 
quenching effects. Therefore, almost all Nd3+ ions have a two-step DC 
emission as depicted in Fig. 4, with a successful second step energy 
transfer process from 4F3/2 level of Nd3+ to 2F7/2 level of Yb3+. The 
decrease of average lifetime for the sample with 6 mol% Yb could be 
attributed to a concentration quenching effect for Yb3+ ions. 

3.4. Luminescence effective quantum yield 

An integrating sphere was used to measure the external (effective) 
quantum yield (QYeff ), which was obtained from the ratio of the number 
of photons emitted to the number of photons absorbed by the sample. 
The number of emitted photons is given by the area under the spectrally 
corrected emission peak of a sample: Aem. The number of absorbed 
photons is given by the difference of areas under the Rayleigh scattering 
peaks of a reference sample and a sample under study: Ascatref −

Ascatsample. When two different detectors are used for measuring scat
tering spikes and emission spectrum of a sample, the difference in 
sensitivity of used detectors should also be considered and the QYeff 

equation can be written as: 

QYeff =
Aem

(Ascatref − Ascatsample)kRed− PMT/NIR− PMT
(3)  

where kRed− PMT/NIR− PMT is the ratio between sensitivities of the two de
tectors. In the present work, a neutral density filter was placed on the 
excitation light path, and the ratio of sensitivity between the two de
tectors was determined by measuring a known signal in the 750–800 nm 
range with both detectors. The QYeff measured for the sample with the 
highest photoluminescence signal (CaF2:Nd4/Yb5/Li3) was 81 ± 10% 

for UV (353 nm) and 37 ± 5% for visible (577 nm) excitation. Since 
excitation with 577 nm is associated with a down shift process (one to 
one photon process) has a measured QYeff lower than that for the 353 nm 
(about half as much, considering the experimental error bars), these 
results confirm the occurrence of a DC processes upon UV excitation 
(353 nm) in CaF2: Nd/Yb/Li phosphors. 

4. Conclusion 

The effect of Li+ addition to rare-earth doped calcium fluoride on 
down-conversion processes has been studied in hydrothermally syn
thetized CaF2 powders containing Nd3+ and Yb3+. Down-conversion 
(DC) mechanism is confirmed to occur in these phosphors upon UV (at 
353 nm) excitation, through analysis of DC efficiency and effective 
quantum yield measurements. Nd3+, Yb3+ and Li+ co-doped CaF2 
phosphors show a photoluminescence emission dominated by the NIR 
Yb3+ emission peaked at 975 nm, upon UV Nd3+ excitation. This energy 
transfer is performed from Nd3+ to Yb3+ through two paths which allow 
the DC process. Values up 150% were obtained by means of the analysis 
of DC efficiency, which is determined from the photoluminescence 
excitation-emission spectra. CaF2:Nd4/Yb5/Li3 phosphors showed the 
highest emission intensity. Effective quantum yield measurements on 
this sample were carried out for the UV (355 nm) and visible (577 nm) to 
NIR DC, and the obtained values were 81 ± 10% and 37 ± 5, respec
tively. They confirm a DC processes upon UV excitation in these phos
phors. We found, however, that Li+ introduction does not play any direct 
role in the DC process, although Li+ presence has proven to increase 
considerably the photoluminescence intensity of the samples [39]. In 
spite of it, Li+ introduction impacts positively on the structure of this 
material (improving crystallinity, reducing defects, promoting 
Nd3+/Yb3+ pairs), as confirmed by excitation-emission spectra and time 
decay analysis. Therefore, the spectral conversion capability exhibited 
by these phosphors is attractive to enhance the energy conversion effi
ciency of commercial crystalline-silicon (c-Si) based solar cells beyond 
the theoretical limits imposed by their mismatch with the solar 
spectrum. 

Author statement 

J. De Anda: Investigation, Writing – original draft, synthesis of 
samples, analysis and interpreting results. F. Enrichi: Theoretical and 
experimental analysis discussion, review, and editing. G. C. Righini: 
Theoretical and experimental analysis discussion, review and editing. C. 
Falcony: Investigation, worked on the manuscript, experimental mea
surements, analysis and data interpretation. All authors discussed the 
results and commented on the manuscript. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. Fig. 10. Lifetime measurements of CaF2:Nd4/Yb4 and CaF2:Nd4/YbX/Li3 (X 

= 4, 5 and 6) for Yb3+ 2F5/2 emission (975 nm) upon 4D3/2 level excitation of 
Nd3+ (353 nm). 

Table 2 
Fitted τ1, τ2 and τavg for Yb3+ emission at 975 nm (2F5/2 level) in CaF2:Nd4- Yb4 
and CaF2:Nd4/Li3 co-doped with different Yb3+ concentrations, upon excitation 
of Nd3+ at 353 nm (4D3/2 level).   

Yb4 Yb4/Li Yb5/Li3 Yb6/Li3 

A1  0.68 0.39 0.34 0.36 
τ1(μs) 157.05  400.34 612.39 514.73  
A2  0.29 0.61 0.65 0.64 
τ2(μs) 453.96 964.87 1231.91 972.16 
τavg(μs) 321.43 845.86 1103.85 867.04  

J. De Anda et al.                                                                                                                                                                                                                                



Journal of Luminescence 238 (2021) 118241

7

Acknowledgments 

The authors acknowledge the technical assistance of Z. Rivera, M. 
Guerrero from physics department of CINVESTAV-IPN. We also thank 
CONACyT for the financial support (Project A1-S-26432 and Scholarship 
640301). 

References 

[1] R.T. Wegh, H. Donker, K.D. Oskam, A. Meijerink, Visible quantum cutting in 
LiGdF4:Eu3+ through downconversion, Science 283 (80) (1999) 663–666, https:// 
doi.org/10.1126/science.283.5402.663. 

[2] R.T. Wegh, H. Donker, E.V.D. Van Loef, K.D. Oskam, A. Meijerink, Quantum 
cutting through downconversion in rare-earth compounds, J. Lumin. 87 (2000) 
1017–1019, https://doi.org/10.1016/S0022-2313(99)00514-1. 

[3] S. Ye, B. Zhu, J. Chen, J. Luo, J.R. Qiu, Infrared quantum cutting in Tb3+, Yb3+

codoped transparent glass ceramics containing CaF2 nanocrystals, Appl. Phys. Lett. 
92 (2008) 90–93, https://doi.org/10.1063/1.2907496. 

[4] B.M. Van Der Ende, L. Aarts, A. Meijerink, Near-infrared quantum cutting for 
photovoltaics, Adv. Mater. 21 (2009) 3073–3077, https://doi.org/10.1002/ 
adma.200802220. 

[5] Q.Y. Zhang, X.Y. Huang, Recent progress in quantum cutting phosphors, Prog. 
Mater. Sci. 55 (2010) 353–427, https://doi.org/10.1016/j.pmatsci.2009.10.001. 

[6] Z. Liu, J. Li, L. Yang, Q. Chen, Y. Chu, N. Dai, Efficient near-infrared quantum 
cutting in Ce3+-Yb3+ codoped glass for solar photovoltaic, Sol. Energy Mater. Sol. 
Cells 122 (2014) 46–50, https://doi.org/10.1016/j.solmat.2013.10.030. 

[7] K. Grzeszkiewicz, L. Marciniak, W. Strȩk, D. Hreniak, Downconversion in Y2Si2O7: 
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