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ABSTRACT: The synthesis of lanthanide-activated phosphors is pertinent to many
emerging applications, ranging from high-resolution luminescence imaging to next-
generation volumetric full-color display. In particular, the optical processes governed by
the 4f-5d transitions of divalent and trivalent lanthanides have been the key to enabling
precisely tuned color emission. The fundamental importance of lanthanide-activated
phosphors for the physical and biomedical sciences has led to rapid development of
novel synthetic methodologies and relevant tools that allow for probing the dynamics of
energy transfer processes. Here, we review recent progress in developing methods for
preparing lanthanide-activated phosphors, especially those featuring 4f-5d optical
transitions. Particular attention will be devoted to two widely studied dopants, Ce>* and
Eu*". The nature of the 4f-5d transition is examined by combining phenomenological
theories with quantum mechanical calculations. An emphasis is placed on the correlation
of host crystal structures with the 5d-4f luminescence characteristics of lanthanides,
including quantum yield, emission color, decay rate, and thermal quenching behavior.

High-throughput Computational

Phosphor Design

Several parameters, namely Debye temperature and dielectric constant of the host crystal, geometrical structure of coordination
polyhedron around the luminescent center, and the accurate energies of 4f and 5d levels, as well as the position of 4f and 5d
levels relative to the valence and conduction bands of the hosts, are addressed as basic criteria for high-throughput computational

design of lanthanide-activated phosphors.
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1. INTRODUCTION

Rare-earth elements are a set of 17 chemical elements, the
lanthanides along with the transition metals scandium and
yttrium, that are highly recognized for their versatile
applications, ranging from high-tech products and green
technologies to health and medical utilization."” Particularly,
there has been a steady increase in the theoretical and
experimental studies of lanthanide-activated inorganic phos-
phors over the past decade, principally due to an ever-
increasing demand for photoluminescence and related
applications, including lighting, electronic display, lasing,
anticounterfeiting, biological labeling, and imaging (Figure
1).>™" In contrast to organic dye-based fluorescent labels, the
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Figure 1. Various applications of lanthanide-activated inorganic
phosphors.

lanthanide-activated phosphors offer better photostability and
improved color performance in the form of higher mono-
chromatic (color) purity and spatial resolution. Moreover, these
inorganic phosphors present wide optical tunability over
emission wavelength and lifetime, as enabled by the intra-
configurational 4f-4f and interconfigurational 4f-5d transitions
of lanthanides (Figure 2).'”"" When compared with the parity
forbidden transitions within the f-manifold of lanthanides, the
4f*-4£'5d" optical transitions are often characterized by high
radiative emission probability and short lifetime (tens of
nanoseconds) because the f-d transition is electrical-dipole
allowed. Furthermore, unlike the sharp linelike emission
associated with the transition of the f-f type, the f-d transition
generally features much broader absorption and emission
spectra owing to the high sensitivity of 5d orbital to the
surrounding environment. It is thus conceivable to employ the
4f-5d transitions of lanthanides for situations in which large
oscillator strengths, broad absorption bands, or fast response
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Figure 2. Schematic diagram showing four types of electronic
transition in lanthanide-activated inorganic compounds. E, represents
the energy needed to excite an electron from the top of the valence
band across the band gap to form an exciton. E_ and E, are the energies
of conduction band minimum and valence band maximum,
respectively. Interband transition corresponds to the process where
an electron is excited from the top of the valence to an exciton state.
Charge transfer refers to electron transfer between the dopant and the
host. The interlanthanide transition is related to the electron transfer
between any two lanthanide ions adjacently doped in the host material,
while intralanthanide transition is related to the process where an
electron is excited from the lanthanide’s occupied 4f orbitals to its
unoccupied 4f or Sd orbitals. The inset on the right side shows a
schematic illustration of typical excitation and emission processes
dominated in lanthanide-based phosphors for lighting (top panel) and
scintillation (bottom panel) applications. Adapted with permission
from ref 275. Copyright 2012 Royal Society of Chemistry.

times are required. With the advent of thin film technology and
rapid development in the semiconductor industry, inorganic
phosphors exhibiting 4f-5d transitions have achieved important
status. White light emitting diodes (LEDs), which utilize yellow
light emitting YAG:Ce (cerium-doped yttrium aluminum
garnet; Y;AlO,:Ce®") phosphor overcoated onto a blue
InGaN LED, are already commercially available.'>"* Moreover,
the utilization of 4f-5d transitions of Ce®" in LaBr,, Lul;, and
YI; compounds has made the brightest scintillators accessible
for applications in the areas of security measures and particle
physics.*~'°

Despite the complex mechanisms underlying lanthanide-
based luminescence (Figure 2), the pronounced effects of host
materials on luminescence properties, including emission color,
quantum conversion efficiency, and thermal quenching
behavior, have been demonstrated for all types of 4f-5d optical
transitions. For example, the 5d-4f luminescence properties of
Eu®" have been compiled for more than 300 compounds, in
which the emission color can be precisely tuned from near-
ultraviolet to deep red.'” Obviously, apart from choosing
different lanthanide emitters, an alternative route toward
tunable luminescence is to vary the type of host material,
benefiting from the subtle response of lanthanide emitters
(Ln* or Ln*") at their Sd energy levels to the environment.
Not only can phosphor materials for lighting benefit from host
tailoring but also can the scintillators which can be considered
as phosphors for detecting high energy ionizing radiation.

Through modulation of host lattices and dopant composi-
tion, a large variety of lanthanide-doped scintillators containing
halides and oxides have been prepared, displaying fascinating
optical characteristics such as high luminance, fast response,
and excellent energy resolution.'® On a separate development,
Pust et al. have recently synthesized a narrow-band, red-
emitting Eu**-doped phosphor featuring low thermal quench-
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ing and high color rendering index using nitridoaluminate as
the host lattice.'” Despite these achievements, the basic role of
the host in affecting the f-d transition of the dopants has yet
been fully understood. Indeed, the mechanisms of action of
host lattice on the scintillation response time in different Ce**-
doped materials are some currently active topics of
investigation in materials chemistry.”” It is worth noticing
that many lanthanides suffer from concentration quenching at
elevated temperatures, as confirmed by a deprivation of the 5d-
4f radiative emission in some hosts.”’ Other challenging issues
include enhancement of luminescence efficiency and precise
tuning over emission color.

In the recent past, scientific advances through experimenta-
tion have provided an abundance of theoretical insights into the
rational design of high-performance lanthanide-activated
phosphors. This development was best exemplified by the
practice of the phenomenological approach, which has been
used since the 1970’s as an effective research tool to acquire
information through inductive, qualitative methods based on a
paradigm of personal knowledge and interpretation. As in most
such studies, Dorenbos has devoted his career to analyzing
energy levels of divalent and trivalent lanthanides doped in
more than 1000 inorganic compounds.””~>* Using phenomen-
ology-based empirical equations, the 4f-5d absorption and
emission energies of lanthanides incorporated in a given
crystalline material could principally arrive within an acceptable
error margin of the available experimental data. These
investigations provide a theoretical basis on how redshift,
defined as a consequence of centroid shift and crystal field
splitting, responds to changes in the local environment of the
activator (Figure 3).

There is currently a major trend for expanding our
understanding of 4f-5d transitions in lanthanide-activated
phosphors, that is, the construction of computational models
to study the optical behavior of a complex system.”” >’ B
doing so, mathematical equations can be incorporated into
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Figure 3. (a) Simplified illustration of the effect of Coulombic field,
spin—orbital coupling, and crystal field interaction on the splitting of
the [Xe]4f* configuration. (b) Schematic representation showing the
degree in the energy splitting of 5d and 4f levels of lanthanides when
doped into different classes of inorganic compounds.

computational codes, expressed graphically, and manipulated
easily with editing commands. A handy control of simulations
can advance theories, thereby triggering new ideas and insights.
Computational work can also complement current experimen-
tal techniques. In some cases, the development of theory is vital
to our experimental progress. With the help of computational
tools, researchers could essentially explore the physical and
chemical properties of any substances at the atomic and
molecular level using a series of empirical parameter-free
methodologies, such as quantum mechanical methods based on
density functional theory (DFT) and Hartree—Fock (HF)
theory. As such, high-throughput computing has made it
possible to design new materials from lab testing to commercial
application within a considerably short period of time.**™**

The combination of advanced quantum chemistry methods
and supercomputers has now provided researchers with a new
opportunity to exploit the 4{-5d transition of lanthanides
beyond reach with current experimental technology and,
consequently, create a new breed of high efficiency phosphors
with improved luminescence characteristics, sufficient chemical
durability, and little photothermal degradation. However, the
existing theories seem incapable of explaining experimental
anomalies of emission because of intrinsic limitations of the
computational approaches. Strongly electron-correlated materi-
als containing rare-earth metal ions with partially filled f shells
are examples where deficiency of the DFT method involving
local density approximation is most clearly shown.

In this review, we begin by brief discussions of the recent
approaches to synthesizing lanthanide-activated phosphors
both in bulk and in nano form. This is followed by a careful
evaluation of the predictive power that can be expected from
the combined application of quantum computational techni-
ques and phenomenological methodology for important
luminescence properties. We focus on the phenomenological
theory employed by Dorenbos as an essential descriptive
guideline for examples of some selected areas of application. A
parallel focus is placed on the theoretical background and the
technical aspects of DFT- and HF-based methodologies
through which the criteria for the design of high-performance
phosphors can readily be identified. Recent advances involving
lanthanide-activated phosphors in a collection of applications
are also highlighted. We finish the discussion by assessing
future prospects for the greater involvement of quantum
calculations as a means of accessing a new generation of
phosphors. The main thrust here is to identify the critical
parameters governing the design of lanthanide-activated

phosphors.

2. SYNTHETIC STRATEGIES FOR
LANTHANIDE-ACTIVATED PHOSPHORS

The preparation of deliberately designed, high-quality lantha-
nide-activated phosphors not only provides on-demand optical
materials for many technological applications but also is crucial
to understandin% the underlying luminescence mechanisms of
the phosphors.”™*° The luminescence properties of these
phosphors with respect to emission and excitation wavelengths,
quantum yield, and lifetime are strongly affected by a set of
factors, such as phosphor crystallinity, interatomic bond length,
the coordination number of the activators, as well as defect
concentration in the host lattices.”**™*® Subtle changes in
experimental conditions can lead to substantial variations in the
luminescence properties of the phosphors. In this section, we
begin with a summary of the approaches currently used for
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preparing lanthanide-activated bulk phosphors, followed by
discussions on emerging methods that offer easy access to their
nanosized counterparts.

2.1. Synthesis of Bulk Phosphors

The bulk phosphors described here are those luminescent
crystalline materials with an averaged grain size of several
micrometers. Investigations on the synthesis and character-
ization of phosphors possessing 4f-5d optical transitions can be
traced back to 1970’s, when Blasse, Bril, and others observed
blue light emission from Ce**- and Eu*'-activated phosphors
upon ultraviolet excitation.””~*" The combination of these
blue-emitting phosphors with green- and red-emitting
phosphors originating from intraconfigurational optical tran-
sitions within Tb** and Eu’* ions allows the development of
white lamps displaying superior properties to halophosphate-
based fluorescent lamps. Indeed, the past few decades have
witnessed an exponential growth in synthetic strategies for
lanthanide-activated phosphors with predesignated optical
properties and crystal structures.””~** The majority of these
methods, including the solid-state reaction, combustion
technique, sol—gel processing, hydrothermal treatment, copre-
cipitation approach, microwave-assisted synthesis, and mecha-
nochemical route, are summarized in Table 1.

2.1.1. Solid-State Reaction. The solid-state reaction is a
conventional but robust method for exploring the preparation
of high-quality lanthanide-activated phosphors. It generally
involves chemical reactions at relatively high temperatures
between powder-form precursors. In some cases, a small
amount of fluxing agents, such as H;BO; or LiF, is added into
the mixture to facilitate crystal growth and grain formation. The
synthetic temperatures highly depend on the chemical reactivity
of the starting materials and the bonding nature of the host
lattices. For example, high reaction temperatures (>1500 °C)
are required for the generation of corresponding aluminate and
nitride phases due to the chemical inertness of AlL,O; and
Si;N,.”~ In contrast, the synthesis of lanthanide-activated
phosphates can be realized at much lower temperatures (~1000
°C) as a result of higher reactivity of the precursors to
phosphates.** ™ Tt is important to stress that most of the
phosphors, such as aluminates, phosphates, and silicates,
require a sintering process under a reductive atmosphere to
prevent sample decomposition or oxidization. This condition
leads to designable chemical reduction of Eu** to Eu** or
prevents the oxidation of Ce®". The final products thus have the
ability to emit tunable luminescence from blue to red
depending on the nature of the host lattices.”' ~>*

The high-temperature sintering may not only promote the
formation of highly crystalline phases of phosphors but also
lead to a gradual increase in defect concentration with the
extension of reaction time. The thermal defects in the forms of
cation and anion vacancies, as well as cation interstitials, can
participate in the storage of excitation energy, which can be
gradually released as photons upon thermal activation. Such a
phenomenon is known as afterglow luminescence.’®** A case in
point is the observation of blue and green long persistent
phosphorescence from CaAl,0,:Eu**,Nd** and SrA-
1,0,:Eu*",Dy*, respectively.”*” But in the past few years, it
has become evident that despite its attractiveness, the solid-
state reaction has an intrinsic limitation associated with the
need for a long sintering time to improve homogeneity and
yield a phosphor with high quantum efficiency. To prevent the
formation of inhomogeneous grain boundaries, the starting
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precursors in some cases are required to be pretreated at a
relatively low temperature (~500—600 °C), followed by
thorough grinding and then successive rounds of sintering at
higher temperatures (>1000 °C). %%

2.1.2. Combustion Technique. The combustion techni-
que,” which relies on a thermodynamic concept of complex-
ation and dispersion with rapid heating, is a fast method for the
preparation of lanthanide-activated phosphors (Figure 4). It

Figure 4. (a—f) Photographs showing a typical combustion reaction of
Ca(NO;),, Al(NO,;);, and p-alanine. Note that the fast reaction
between f-alanine and Ca(NO;), triggers an exothermic combustion
characterized by the appearance of a red incandescence. Adapted with
permission from ref 60. Copyright 2009 Elsevier B. V.

usually makes use of a self-sustaining exothermic reaction
between the starting materials at the onset of the reaction. The
raw precursors mainly include nitrate salts of various cations
and urea (or hexamine, ammonium, glycine, and citric acid),
which function as the oxidant and fuel, respectively. The metal
nitrates mainly include Zn(NO;),-6H,0, Mg(NO;),-6H,0,
Al(NO;);-9H,0, Eu(NO;);, and (NH,),Ce(NO;)¢. In princi-
ple, the reaction of the nitrates with a fuel can provide enough
heat for the formation of crystalline phases. However, as the
exothermic reaction lasts only for a few minutes, a subsequent
heat treatment at high temperatures in some instances is
necessary to foster the crystallinity of the phosphors in order
for improving their emission efficiency.

Apart from direct mixing in the solid state, the metal salts and
fueling agents for combustion can be dissolved in an aqueous
solution followed by solvent evaporation and recrystallization.
The solution-based route affords very high levels of chemical
homogeneity in the solution. A subsequent decomposition of
the homogeneous mixture is likelZ to result in a uniform
distribution of luminescent centers.”""*> Notably, the burst gas
generation during the synthesis can effectively limit interparticle
contact and thus provide fine-grained control over powdery
products. The gas released from the combustion process has
the ability to reduce Eu** to Eu?*.*" Despite the ease of
preparing Eu**-doped phosphors, the combustion technique is
limited to the preparation of host matrices for aluminates and
silicates due to the lack of suitable precursors for other host
lattices. On a separate note, experimental conditions, including
the ignition temperature, the oxidizer-to-fuel ratio, and the
chemical composition of the precursors, should be carefully
optimized to prevent the occurrence of explosion or the
production of toxic gases. This is also true to prevent the
oxidation of Ce** to Ce*".

2.1.3. Sol—Gel Processing. Over the past decade there has
been a steady growth of interest in the sol—gel processing of
molecular lanthanide compounds for inorganic phosphors.”” "

The term sol—gel processing refers to a transformation in
which solid particles suspended in a liquid (a sol) agglomerate
to form a three-dimensional network extending throughout the
liquid (a gel) through polycondensation reactions of molecular
precursors.”””” In the sol—gel process, the precursors typically
consist of a metal or metalloid element stabilized by various
ligands. The choice of the liquid is mainly determined by the
nature of the precursor. For instance, a solution of nitric acid is
often employed to dissolve metal oxides, whereas organic
solvents are commonly used to give rise to metal alkoxides with
perhaps the most thoroughly studied example being the
tetraethyl orthosilicate (TEOS), Si(OC,H;),. Aging of the
precursor solutions at an appropriate temperature (<100 °C)
leads to gradual evaporation of the solvent and the ensuing
formation of a continuous solid skeleton made of a molecular
substance with extended macroscopic dimensions. The
substance is said to be a gel. A xerogel is likely to form upon
further drying by completely removing the liquid phase of the
gel.

Alternatively, gelation can be realized via polyesterification
reactions between chelating agents (e.g., citric acid) and cross-
linking agents (e.g., ethylene glycol) at elevated temperatures
(>100 °C). High-temperature post-treatment is usually needed
to decompose the preformed gel precursors and afford
phosphors with high phase purity and crystallinity. The detailed
calcination conditions are, for the most part, determined by the
nature of the starting precursors as well as the composition of
the phosphors. For example, doping of Eu*" ions into Ba,SiO,,
SrAl,O,, and Sr;B,04 host lattices requires reactions to be
carried out under reducing conditions for the reduction of Eu**
to Eu*" in the gel, by analogy with the synthesis of Eu**-doped
phosphors through solid-state reactions.”””~"’

2.1.4. Hydro(Solvo)thermal Treatment. Hydro(solvo)-
thermal treatment is a wet-chemistry strategy widely adopted
for preparing phosphors with controlled particle size, shape,
and doping composition. This method benefits from high vapor
pressures generated by heating of the reaction mixture in a
sealed vessel, best known as the autoclave, at temperatures
above the boiling point of the solvents."”” These special
synthetic conditions significantly affect the diffusion behaviors
of the starting materials as well as the way single nanoclusters
coalesce, which could be very different under normal
atmospheric conditions. This means that lanthanide-activated
phosphors with high purity and homogeneity can be achieved
under such an extraordinary environment,'">~"'%'%

A distinct feature of hydro(solvo)thermal treatment is the
utilization of chelating ligands to regulate the nucleation
kinetics in order to control the growth of the particles during
synthesis and prevent the aggregation of the phosphors in
solutions. The chelating ligands bound to the phosphor surface
can also impart the phosphors with a versatile function for
bioconjugation and immobilization. However, given the fact
that the capping ligands are likely to consume the excitation
energy through molecular vibration and result in nonradiative
deactivation of the excited lanthanides, the decrease in the
luminescence intensity of the phosphors can be expected.
Another obvious limitation of the hydro(solvo)thermal method
is imposed by the use of Teflon-lined autoclaves, typically with
a maximum operating temperature of 300 °C. As a side note, an
extra step of thermal treatment in a reducing environment is
preferable to in situ chemical reduction for the preparation of
Eu’*-activated phosphors.'*"'**
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2.1.5. Coprecipitation Approach. The coprecipitation
approach has been considered as one of the most convenient
strategies for the synthesis of lanthanide-activated phosphors.
In a typical procedure, solutions of metal precursors are first
prepared either using suitable metal salts or by dissolution of
metal oxides in an acidic solution. Thereafter, these solutions
are mixed in predetermined concentration ratios to induce local
supersaturation, primary nucleation, and subsequent stages of
crystallization. Above a critical size, the phosphor precursors
with narrow size distribution can precipitate out of the solution.
One limitation associated with this method is that the host
materials should have a low solubility in the chosen solvent to
facilitate the process of precipitation.'””'>" The phosphor
precursors are then collected by centrifugation. Finally, the
collected precipitates are subjected to annealing at high
temperatures (>1000 °C) to boost crystallinity. For the
synthesis of Eu**-activated phosphors, it is a general consensus
to carry out the annealing step under a reducing environment.**

In the absence of reagents for regulating reaction kinetics, it
would be difficult to control the growth of phosphor
precursors. In effect, this deficiency makes it difficult to exert
control over the size and morphology of the phosphors. In
addition, the cations making up the host lattice usually exhibit a
different reactivity from dopant ions, and hence one would
expect a small discrepancy between predicted and observed
values for doping concentration. The difference in the reactivity
of the precursors may also lead to an inhomogeneous
distribution of lanthanide dopants.

2.1.6. Microwave-Assisted Synthesis. The term micro-
wave refers to a form of electromagnetic radiation having
frequencies between 300 MHz and 300 GHz, corresponding to
wavelengths ranging from one meter to one millimeter. The
microwave band is well-suited for accelerating chemical
reactions as polar solvent molecules or reactants can absorb
microwave radiation and generate a large amount of heat by
agitating the orientation of the molecules in phase with the
external field. This heating effect can be harnessed in the
synthesis of lanthanide-activated phosphors. When compared
with conventional heating procedures based on convection, the
microwave-assisted synthesis is able to heat up the reaction
mixture much faster at ambient pressure. Enormous accel-
erations in reaction time can be achieved. If the reaction is
carried out in sealed containers, a reaction that takes several
hours under normal reflux conditions can be completed in a
matter of minutes."”

Seshadri et al. compared the microwave-assisted synthesis of
Ce**-doped garnet phosphors with the solid-state synthesis.'**
They found that when using carbon as susceptor, the
microwave-assisted synthesis allows a reduction of 95% in
preparation time and of 99% in overall energy consumption.
Importantly, the resultant phosphors are of single crystalline in
nature and show luminescent properties comparable to those
prepared by the conventional solid-state reaction. The
microwave-assisted synthesis has also been applied to Eu**-
activated phosphors, as exemplified by Zhang et al., who have
demonstrated the synthesis of SrjAl,O4:Eu** afterglow
phosphors. In their work, SrCOj;, Al(OH);, and Eu,O; were
used as starting precursors, while Fe,O; and active carbon were
added as the heat collector and the reducing agent,
respectively.'** A reducing atmosphere generated upon heating
the active carbon plays a crucial role in the chemical reduction
of Eu** to Eu®'. It is worth noting that the presence of a
susceptor in the reaction is essential to heat the reaction

medium to suitable temperatures in favor of the formation of
crystalline particles. Otherwise, an extra step of thermal
annealing is required to produce luminescent crystalline
materials. >

2.1.7. Mechanochemical Method. A mechanochemical
reaction is a unique type of chemical reaction, a process in
which the starting materials are activated by the input of
mechanical energy.'”*'** This activation is frequently realized
with high-energy milling with different work regimes, including
compression, shear, and impact. A set of factors, such as the
type of the mills, the nature of milling media, ball-to-powder
ratios, milling conditions, exert a profound influence on the
nature of the as-synthesized lanthanide-activated phosphors.

The mechanochemical method boasts several advantages
over other methods. These include simple experimental setup,
easy handling and cleaning, and high scalability. For example,
industrial planetary mills with continuous operation have the
capability to produce products with a rate of 3—5 tons per
hour."*> However, as an intrinsic property, direct mechano-
chemical synthesis may yield phosphors with poor crystallinity
that possess a large number of surface defects. By its very
nature, a postannealing procedure is inevitable for improving
the quality of the phosphors. As an illustration, Xu and co-
workers reported the synthesis of Eu®*-doped Ca-q-SiAlON
phosphors by mechanochemical processing of a stoichiometric
mixture of $-Si;N,, AIN, Al,O;, CaO, and Eu,0; at room
temperature, followed by postannealing at high temperatures
(>1600 °C)."*° The homogeneous distribution of Eu®* ions in
the phosphor precursor, provided by the milling processing, led
to much improved luminescence after thermal treatment. The
same strategy has also been successfully applied by the groups
of Yin and Riesen to the preparation of Al;;O;Ng:Eu** and
BaFBr:Eu** phosphors.'””'**

2.2. Synthesis of Nanophosphors

Given the new possibilities for nanoengineering where
chemistry, physics, biology, and materials science come into
play, considerable efforts have been devoted to the develop-
ment of advanced techniques for synthesizing lanthanide-
activated nanophosphors since the middle 1990’s.*%'3%'%7
Intuitively, nanosized phosphors can be obtained by either
post-treatment of their bulk counterparts, using the methods as
described above, or through modification of those methods. For
example, ultrafine nanophosphors is easily attainable through
ball milling of the bulk phosphors obtained by the solid-state
reaction, combustion, or sol—gel processing (Figure 5).”> In
addition, introduction of an appropriate amount of surfactants
or chelating reagents during the course of hydro(solvo)thermal
or microwave-assisted reactions has proven to be an effective
technique to limit the growth of phosphors in size. To further
control the size distribution, morphology, and surface-defect
concentration of the phosphors, a number of advanced
techniques, including laser ablation, microemulsion route,
template-directed synthesis, and single-precursor thermal
decomposition, can be considered. The advantages and
disadvantages of these methods are highlighted in this section.

2.2.1. Laser Ablation. Laser ablation has the ability to
deliver large amounts of energy into confined regions of a
material. This ability has proven effective for the production of
nanophosphors. In this synthetic method, a bulk phosphor is
used as a target and irradiated by an intense laser beam. The
high intensity of the laser beam can generate a plasma in liquids
and evaporate the target explosively, allowing nanosized
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Figure S. Photographs recorded for a colloidal solution of
Ba,SiO,:Eu’* under different excitation sources. (a) Ambient light
exposure. (b) Ultraviolet light irradiation. Note that the nanoparticles
were prepared by a combustion reaction of Ba(NO;),, Si(OC,Hs),,
Eu(NOs;);, H;BO;, and NH,CONH,, followed by calcination at 1000
°C for several hours under a hydrogen/argon atmosphere. Adapted
from ref 52. Copyright 2013 MDPL.

phosphors to be ejected from the target."*® The control over
the variables of the laser beam, such as wavelength, repetition
rate, peak power, and focal spot size, could be useful in forming
crystalline nanophosphors with controlled size and morphol-
ogy.138 In contrast to the ball milling method, laser ablation has
the advantages of immediacy and minimum sample contami-
nation. A drawback of liquid-phase laser ablation for materials
processing is the tendency to evoke formation of a large
number of surface defects during the course of target
bombardment because the laser irradiation can induce changes
to the surface chemistry. These surface defects can act as traps
for excitation energy and result in decreased emission
efficiencies of the nanophosphors.'*”

Park et al. have reported a laser ablation method for the
preparation of Y;Al;O,,:Ce®* in deionized water.'*’ In their
study, they used a focused pulsed laser (Nd:YAG, 355 nm,
repetition rate: 30 Hz, pulse width: 5—7 ns, and maximum
output: 300 mW) to irradiate a YAG:Ce®" target. After ablation
for 1 h, the size of the ejected phosphors was characterized to
be in the range from S to 25 nm in diameter. In addition to the
intrinsic parameters of laser beams, the nature of the liquid
suspension also has a strong influence on controlling the size
distribution of the resulting phosphors. For instance, by
replacing deionized water with an aqueous solution of 2-[2-
(2-methoxyethoxy)ethoxy]acetic acid, Amans and co-workers
have demonstrated that the acetic acid derivative could play a
role as chelating agent in dictating the synthesis of
Y,ALO},:Ce®" nanophosphors with a relatively narrow size
distribution.'*" The researchers also speculated that the
difference in binding affinity between the chelating agent and
the metal ions could lead to phase separation, as supported by
the observation of a mixed product of nanoparticles comprising
yttrium aluminum perovskite, yttrium aluminum garnet, and
corundum aluminum oxide.

2.2.2. Microemulsion Route. Microemulsion is a
phenomenon which occurs at the interface of two immiscible
liquids on addition of surfactants, namely the emulsifier. The
microemulsion route for nanophosphor synthesis is developed
based on the concept that microdroplets are readily formed
upon accumulation of the surfactants at interfaces. Two major
classes may be distinguished: oil-in-water and water-in-oil. The
choice and amount of the surfactant are crucial in the formation

of emulsion and ultimately in controlling the growth process of
the phosphors.

As the majority of microemulsion-based synthesis is
performed at room temperature or a temperature below 100
°C, this synthetic strategy merely allows one to prepare
nanophosphors with low luminescence efficiencies due to the
lack of crystallinity. To address this issue, a high-temperature
postannealing step is frequently included and, if necessary,
carried out in a reducing atmosphere. Lu and co-workers
developed an interesting reverse microemulsion for the
preparation of SrAl,O,:Eu**,Dy*>" nanophosphors.'*> In their
synthesis, an emulsion was first prepared by mixing an aqueous
solution of nitrates with nonpolar cyclohexane and a binary
surfactant mixture (polyoxyethylene-10-octylphenyl ether and
1-hexanol). The microemulsion was then slowly added into
heated kerosene (180 °C) for water evaporation to yield
phosphor precursors. After annealing at 900 °C, the phosphor
precursors were converted into highly crystalline and green-
emitting SrAl,O,:Eu**,Dy** nanophosphors. In a following
paper, the researchers investigated the synthesis of YBO;:Ce®"
phosphors using a similar strategy.'** They found that the size
of the phosphors can be controlled in the range between 90 and
189 nm by varying the volumetric ratio of water to oil.

2.2.3. Template-Directed Synthesis. Another approach
that is rapidly gaining momentum for controlled synthesis of
nanophosphors is template-directed synthesis. Indeed, this
method relies on the spatially confined growth of materials in
preformed nanoreactors.'** Arrays of nanophosphors with
specific shape and size can be prepared by employing either an
active (soft) or restrictive (hard) template. Soft-template
processing involves the self-assembly of small molecules or
macromolecules to control the process of crystal growth. In this
method, the driving forces are usually weak, such as hydrogen
bonding, van der Waals force, or electrostatic interaction. On
the other hand, hard-template processing typically requires
membranes with well-confined voids in the form of channel,
pore, or connected hollow space. The hard-template method is
generally more complex than its soft-template counterpart
because of the requirement for a post-treatment step to remove
the template.

Chen and co-workers showed that the soft-template-directed
synthesis is viable for preparing a series of necklacelike
aluminate phosphors, including SrAl,0,:Eu’’,Dy**,
BaALO,Eu*’,Dy**, and CaAlLO,Eu*",Dy**.'* Alternatively,
Tan reported the synthesis of Sr,MgSi,O,:Eu**,Dy’" nanotube
arrays through the use of anodic alumina oxide (AAO)
membranes as the hard template.'*® In this report, two
electrochemical cells containing metal precursors and
Na,SiO; were connected by an AAO template, allowing the
starting materials to be diffused into the channels. After
completion of the diffusion in 30 h, an extra step of thermal
treatment was carried out at 800 °C in a reducing atmosphere
to enable the formation of blue-emitting Sr,MgSi,O,:Eu**,Dy**
nanotubes.

Along with morphological control, hard-template-directed
synthesis also allows excellent control over the particle size and
hierarchical structure in batch crystallization. For example, the
Hong group reported the synthesis of monodispersed
BaAl,O,Eu*" nanophosphors using y-Al,O; nanoparticles as
the hard template."*” Another interesting demonstration can be
found in the work of Xu and co-workers, who reported the
formation of a core—shell structure through an incomplete
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removal of the hard template, as exemplified in the synthesis of
SiO,@SrSi,0,N,:Eu** oxynitride phosphors.'**

2.2.4. Single-Source Precursor Method. The single-
precursor method is based on the thermal decomposition of a
single-source molecular precursor at high temperatures to
produce lanthanide-activated nanophosphors. By changing the
metal center in the molecular precursor complex, a broad range
of nanostructures can be prepared with controlled morphology,
size, and composition.

An intriguing example was reported by Song et al, who
demonstrated the synthesis of SrS:Ce®" phosphors via the
thermal decomposition of M-DDTC (M: Sr or Ce, DDTC:
N,N-diethyldithiocarbamate) under a nitrogen atmosphere.'*’
It is important to emphasize that the single-source molecular
precursor is easily accessible by addition of Na-DDTC to an
aqueous solution of the corresponding metal salts. The
insoluble molecular precursor is precipitated and further
collected by centrifugation. In fact, the thermal decomposition
of single precursors in liquid phase can occur in the presence of
ligands. Using this strategy, Meijerink and co-workers reported
the synthesis of SrS or Ca$S nanocrystals (~10 nm) doped with
Ce®* or Eu*" ions."”” The molecular precursors, strontium (or
calcium) diisopropyldithiocarbamate and cerium (or europium)
diethyldithiocarbamate, were quickly injected into a heated
solvent of oleylamine. The researchers discovered that an
overgrown shell layer in SrS:Ce®" nanophosphors leads to an
enhancement in Ce® emission, accompanied by a slight
redshift due to the change in the local environment of the
emitting ion.

A recent work has also demonstrated the use of the single-
precursor method for constructing nitridosilicate phases. Red-
emitting phosphors of Sr,SigNg:Eu** and Ba, sSrySisNg:Eu*"
have been reported by thermal decomposition of a single-
source precursor mixture obtained from a one-pot reaction of
corresponding metal amides in the presence of nanocrystalline
silicon; this gave a reported efficiency comparable to the
crystalline equivalent prepared by conventional high-temper-
ature processing.">" In general, this synthetic methodology has
one big advantage: the molar ratio of the constituent elements
in the host lattices could be tuned with relative ease through
changes in precursor concentration.

3. EMPIRICAL THEORIES OF 4F-5D TRANSITION

3.1. General Consideration

A lanthanide-activated solid phosphor is typically composed of
lanthanide ions as emitting centers and an inorganic crystalline
host material. A given host lattice (A) can affect the energy
difference between the lowest 4" level and the first 4f*'5d level
of the lanthanide dopants, as determined by spectroscopic
redshift D(A) and Stokes shift AS(A)."” The redshift is defined
as the decrease in the 4f-5d excitation energy of the lanthanides
when doped into the host lattice (Figure 6). The Stokes shift is
related to the parabola offset AR, induced by lattice relaxation
at the excited states as shown in the configurational coordinate
diagram (Figure 7). Hence, the energy of 4f-5d absorption can
be derived as

Eabs(A) = Efree - D(A) (1)
and the energy of 5d-4f emission is given by

E.n(A) = Eg. — D(A) — AS(A) )

Isolated Ce®* In solid “A”
4f'5d' Conduction Band
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Figure 6. Schematic diagram illustrating the influence of the crystalline
environment on the Sd energy levels of Ce®" doped in a solid A. The
centroid shift £.(3+, A), crystal field splitting .,(3+), redshift D(3+,
A), the lowest 4f-5d transition energy of Ce®" E,(Ce*, A), valence
band maximum E, and conduction band minimum E_ of host A,
exciton level E,,, activation energy AE from the lowest 5d level to the
bottom of the conduction band are indicated. Adapted with
permission from ref 26. Copyright 2013 The ECS Digital Library.

E A Lattice relaxation after excitation

Excited state

Ground state

Figure 7. Schematic illustration of the configurational coordinate
diagram. E;p is the energy difference between the parabola of the
ground state and excited state. AR; (i = 1, 2) is the parabola offset
between the ground and excited states. S; (i = 1, 2) indicates the
Huang—Rhys parameter. hv stands for the dominant phonon energy.
AE is the activation energy associated with thermal quenching. The
blue and red parabola curves represent two excited configurations with
different parabola offset. Note that a small parabola offset leads to a
decrease in Stokes shift and increase in activation energy. The inset
shows the atomic displacement observed in a Ce**-doped LaCl,
supercell after relaxation at the lowest S5d state. Adapted with
permission from ref 226. Copyright 2007 American Physical Society.

where in both equations E,, is a constant with a value close to
the 4f-5d transition energy of nondoped lanthanide ions.

A thorough work pertaining to the redshift in over 300
different Ce**-doped inorganic compounds has been presented
by Dorenbos et al. using phenomenological data.">* As shown
in Figure 6, the spectroscopic redshift is mainly determined by
two factors: centroid shift and crystal field splitting. For
instance, one could unravel the redshift D(A) value of Ce**
embedded in host lattice A according to

D(A) = £(A) + aa(h) 1890 cm ™'
r(A) (3)
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where £,(A) and e4(A) are the corresponding centroid shift
and crystal field splitting of the Sd orbitals. r(A) represents the
ratio of the crystal field contributing to the redshift. The value
of 1890 cm™' refers to the energy difference between the
centroid position and the lowest 5d level (*D;,) of free Ce®*
ions.

3.2. Centroid Shift of 5d Orbitals

When lanthanides are doped into a host lattice, the
nephelauxetic effect is commonly adopted to explain the
observed centroid shift of the 5d levels of the lanthanide ion.">
Note that the strength of the nephelauxetic effect is positively
proportional to the covalency (electron sharing) between the
luminescent center and its neighboring anions. For example in
oxynitride and nitride compounds doped with Eu®* or Ce®*
ions, the increase in the covalency can lead to increased
centroid shifts.">* Qualitatively, one could estimate the centroid
shift according to the degree of the nephelauxetic effect, which
is given in the order of

FF<Cl <Br <I" <0 <§~ 4)

It should be noted that the centroid shift of doped
lanthanides may contradict the nephelauxetic effect in some
host lattices. For instance, one would expect a green emission
from SrO:Eu’* phosphors and a red emission from
Sr,8i04:Eu*" phosphors because of the larger nephelauxetic
effect associated with Sr,SiO, host lattice.'” However, this is
not the case here as the Sr,SiO, phosphor emits green color.
To explain the discrepancy between the theory and
experimental results, ligand polarization as proposed by
Morrison can be taken into consideration.'>> The unexpected
centroid shift in the cases of SrO:Eu** and Sr,SiO,:Eu*
phosphors is likely due to the combined effect of covalency
and ligand polarization.

On the basis of the covalency model, one may assume that
the overlapping integral between the lanthanide ion and N
coordinating anions varies exponentially with the metal—ligand
distance."*® Thus, the centroid shift can be estimated from

N
& _ ﬁ Ze—(R,—uzAR)/b
N N _ (5)
where &, is the centroid shift purely determined by the
covalency effect, R; indicates the distance between metal and
ligand i, AR is introduced to quantify the lattice relaxation
around the lanthanide ions, and b is a suitable value obtained by
fitting. The parameter f# should be taken as a measure of the
covalency.

Inspired b?r the pioneering works of Morrison'>> and Aull
and Jenssen, °° the contribution of the ligand polarization to
the centroid shift in first approximation can be deduced as

2
£ e ) 2 1
— = r —(r —
N = g, (e 0 ©
1 1 1
R TN iany
eff i=1 (R,. — EAR) @)

where €, is the centroid shift determined through the ligand
polarization model and ¢; indicates the polarizability of ligand i
located at a distance of R; to the luminescent center in the
unrelaxed lattice. Given the highly intractable nature of the
covalency f, the experimentally validated centroid shift e, is

commonly adopted to replace &,. Here, the parameter o; shown
in eq 6 is redefined as spectroscopic polarizability a,,, since it
derives from spectroscopic characterization. The correlation of
actual polarizability  with the spectroscopic polarizability a,
can thus be described as

ag, = a[l + i]
& (8

The ligand polarization model has been demonstrated as a
decisive tool for evaluating centroid shifts because the
spectroscopic polarizability comprises the contributions from
both microscopic covalency and macroscopic polarization (eq
8). In addition, the spectroscopic polarizability can be
quantitatively correlated to the average electronegativity of
the cations (y,,) in the host lattices according to the force
constant-based theory'®’

b(X
ag, = ap(X) + (2)
Xy )
Zi nzi;
){av =
2Nz (10)

where @;(X) and b(X) are the limiting polarizability and the
susceptibility of a given anion X, respectively; n; is the number
of type i cations; z; represents valence charge; and y; is the
corresponding electronegativity. The experimental data show
that the parameter @, obtained from the observed centroid
shift agrees well with the actual polarizability of the anion. Both
polarizabilities have a linear correlation with the inverse square
of x., suggesting the suitability of @, as an indicator of the
centroid shift.">® Considering that the anion polarizabilities of
the crystals can be deduced from macroscopic properties (e.g.,
dielectric constant or refractive index), one could estimate the
values of spectroscopic polarizability and centroid shift through
quantum mechanical calculations.

3.3. Crystal Field Splitting of 5d Orbitals

In addition to the centroid shift, the crystal field splitting of 5d
orbitals also plays a crucial role in determining the redshift due
to the highly susceptible nature of the S5d orbitals. In
accordance with the phenomenological data, the type of
anion coordination polyhedron around the luminescent center
dictates the crystal field splitting. For example, the shape of the
coordination polyhedron in Ce*-doped materials can be
described using a set of geometric parameters. On the other
hand, when combined with the point charge -electrostatic
model,">” these geometric parameters can also be used to
determine the crystal field parameters B’q‘. The values of k and g
depend on the site symmetry of the luminescent center.
Notably, the crystal field splitting has a close correlation with
the parameter Bj, which can be expressed by'*’

By = f(R)O; (1)

4 _ 3n m 4 2
O, =p+ Y + 2(35 cos” 6, — 30 cos” 6, + 3) (12)
where 6, is the angle between the 2m prismatic bond and the

m-fold axis. The parameters p, m, and n are defined as the
respective axial, prismatic, and equatorial position of the anion.
Note that the radial part f(R) describes the size effect of the
coordination polyhedron, and the angular part ®f characterizes
the shape effect of the coordination polyhedron. In light of the
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ambiguous relationship between the function f(R) and the
crystal field splitting, the radial part of the system is not
discussed here. Interestingly, the analysis of Ce®* Sd energy
states in response to the change in crystalline environment
shows a positive correlation of the angular parameter ©F with
the crystal field splitting.

Dorenbos argued that the crystal field splitting in the 5d
orbital of Ce®" is independent of the centroid shift.”*~**">*
Additionally, the magnitude of the crystal field splitting was said
to be largely reliant on coordination geometry rather than the
type of anions present. An empirical correlation between the
shape of the first anion coordination polyhedron and the crystal
field splitting can be derived as

— R p—2
s = ﬂpolyRav (13)

N
1
R, = — Y (R, — 0.6AR)
N § (14)

where ﬂ}%ly is a constant determined by the type of the
coordination polyhedron and the charge valence of the
lanthanide. R; is the bond length between the luminescence
center and its N coordinated anions in the unrelaxed lattice. AR
indicates the radius difference between the lanthanide dopant
and the host cation. Note that 0.6AR represents a
pseudorelaxation in bond length. Although the level of the
crystal field splitting can be quantified using eqs 12 or 13, this
method has a major limitation due to the lack of precise
information on lattice structures, especially in situations where
a charge compensation induces a large distortion in the vicinity
of the luminescent center.

Clearly, eqs 3—14 allow for a qualitative estimation of the
centroid shift and the crystal field splitting in lanthanide-
activated phosphors by measuring the extracted indicators such
as ag, and . In principle, a larger redshift in the 4f-5d
transition of lanthanides embedded in inorganic compounds
can be expected when any of the following conditions are met:
(i) the interaction between the lanthanide and its neighboring
anions becomes more covalent in nature, (ii) the polarizability
of the anions in the first coordination sphere is increased, (iii)
the anion polyhedron becomes more distorted, and (iv) the size
of the site accommodating the lanthanide becomes smaller.

4. COMPUTATIONAL METHODOLOGIES

4.1. Fundamental Principles

Quantum mechanical methods have attracted considerable
attention over the past decade due to their ability to unravel
many physical and chemical properties of the materials. By
taking advantage of high-performance supercomputers, it is
now plausible to include the correlation and relativistic effects
in quantum calculations, which is essential for accurately
describing lanthanide-doped phosphors. In this section, we will
briefly discuss two basic theories, Hartree—Fock (HF) theory
and density functional theory (DFT), which have been widely
applied for materials design.

In principle, the physical and chemical properties of materials
can be explained by solving a time-deopendent Schrédinger
equation of the many-body system.'”” However, a time-
independent Schrodinger equation is adequate for depicting
most systems in which time-dependent interactions are absent.
The examples presented in this review are all based on the

time-independent Schrédinger equation, which can be ex-
pressed as

a4,

A2
. B 1
A=) —— + =
Z ", — 1l
I (15)

A® = ED,

where E is the energy eigenvalue, ® is the wave function, His
the Hamiltonian operator, m; is the mass of an electron or
nucleus, and g, represents its charge. P; and r; are the kinetic
momentum and the spatial coordinate, respectively. Note that
the summation runs over all electrons and nuclei in the system.

To solve eq 15, a number of approximations need to be
employed. By imposing the Born—Oppenheimer approxima-
tion,161 the wave function of electrons and nuclei can be
separated, and hence the Schrédinger equation for electrons in
the frozen nuclei is given as

—_
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However, the complexity in electron—electron interactions
presents an insurmountable obstacle to solving eq 16.

4.2. Hartree—Fock-Based Methods

The Hartree approximation has been proposed to solve the
problem of many-electron systems.'®” It assumes that each
electron moves in an effective potential that represents the
attraction of the nuclei and the average repulsive interactions of
other electrons. By employing the product of all one-electron
wave function (Figure 8), a set of self-consistent Hartree
equations can be derived at the single-particle level. However,
this approximation may not be reliable as it does not take into
consideration the Pauli principle. A feasible solution for

Many-body system

Radical probability 47r’R 2 (r),
n
o
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Figure 8. Radial parts of the wave functions for Ce (4f, Sd, and 6s)
atomic orbitals. The vertical axis represents the probability of finding
an electron at a distance of r from the nucleus. The inset depicts
complex many-body interactions (electron—electron interactions in
solid green lines and electron—nucleus interactions in solid lines with a
mixed color of green and rosy). The dotted gray circles indicate the
schematic wave function of orbitals. Adapted from ref 168. Copyright
1964 American Chemical Society.
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constructing wave functions is to use a Slater determinant of
individual orbitals by which the Pauli principle can be satisfied.
Such approximation for wave function is known as the
Hartree—Fock approximation. 163164 Hence eq 16 can be
rewritten as

2y o (r)I?
V) + V) + o) J#X "’—

cp (e ()
xzx (f’) d /7,
- i / r'l (17)
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The HF approximation can be considered as the simplest
form of ab initio approaches in which the electron wave
functions can be constructed by adding up all determinants.
Note that the electron exchange interaction is considered in the
HF equations. However, the electron correlation that describes
the instantaneous interaction between electrons is overlooked.
This makes the HF approximation unsuited for chemical events
dominated by electron correlation interactions.

Currently, three types of HF-based approaches, namely
CCSD(T) (coupled- cluster mth single, double, and triple
perturbative excitations),'®> MP2 (second-order Moller—
Plesset perturbation theory),'*® and CASSCE (complete active
space self-consistent field)'®” have been widely employed in
computational chemistry to study systems having strong
electron correlation.”” Among the three approaches, the
CCSD(T) approach provides the best trade-off in accuracy
and efliciency by treating triple excitations as perturbation.
Considering that the formal scaling with the number of
electrons N of CCSD(T) is N7, such calculations are usually
limited to small- or medium-sized systems, and supercomputers
with parallel processors are necessary.

An alternative method to include electron correlation is the
MP2 method, which takes into consideration electron
correlation effects by means of Rayleigh—Schrodinger pertur-
bation theory. By adding the first level of the hierarchy of
Moller—Plesset energy levels into the HF model, the total
energy of a particular system obtained from MP2 calculation
becomes the sum of the HF term and a perturbation correction.
The formal scaling of the MP2 method down to N° allows the
calculation to be carried out for systems with a few hundred
atoms.

The CASSCF method represents one of the multiconfigura-
tion self-consistent field methods by which the occupied orbital
space is divided into two sets of inactive (closed-shell) orbitals
and active orbitals. This method enables one to evaluate
nondynamic electron correlation by distributing active
electrons in all possibilities among the active orbitals. Thus,
the CASSCF method covers a full range of configuration
interactions that only work for active orbitals. The lack of
dynamic correlation energy in the CASSCF method can be
overcome by introducing the CASPT2 method'® that gives a
second perturbation estimation of the full configuration energy.

Among the aforementioned HF-based methods, the
combined CASSCF/CASPT2 approach has seen wide
applications in lanthanide-based systems, such as predicting
electronic states of CeCp;* and magnetic behavior of
lanthanides.'””'”" More importantly, with the addition of the
ab initio model potential formalism, the effect of crystal
environment on the splitting of 5d orbitals can be derived. For
a thorough treatment of the details and the application of

specific computational models, the readers are encouraged to
follow the work of Barandiaran and Seijo.*

4.3. Density Functional Theory-Based Methods

In DFT-based methods, the electron density is treated as a
basic variable in place of the wave function (Figure 9)."”* For a

a 0 b

Figure 9. Illustration of the electron density distribution of a water
molecule. (a) A contour map depicting the values of electron density
around the nuclei. Note that height of the peak proportionally
represents the value of electron density. (b) Three-dimensional
representation of electron density distribution in form of isosurface
with an atomic unit of 0.001. Adapted with permission from ref 172.
Copyright 2000 Wiley-VCH.

many-body system, the spatial freedom of electrons can be
significantly reduced. According to Hohenberg—Kohn theo-
rems, the electron density contains, in principle, all the
information that a many-electron wave function can provide.
With the help of Kohn—Sham approximation that introduces
the concept of effective potential,'’* the electron-associated
Schrodinger equation extracted from the Hohenberg—Kohn

theorems can be expressed as

(—;—Vz + V[r, p(r)])l//,-(r) = ey (r)
m (18)

where the first and second parts within the left parentheses
bracket correspond to the kinetic and potential energies,
respectively. y;(r) is the one-electron Kohn—Sham orbital, and
g, is the eigenenergy. The potential energy and total density of
electrons are given as

_i total _
= 6p(E (p] = Tlp]) 19)

p(r) = X fu(r)y(r)

Vr, P]

(20)

Note that a portion of the potential energy in form of the
exchange and correlation interaction is unknown. The local
density approximation (LDA)'”*'”> and the generalized
gradient approximation (GGA)'’®'”” can be used to estimate
the exchange and correlation interaction. It is important to note
that the DFT method is limited to ground-state calculations
because Hohenberg—Kohn theorems hold true only for
nondegenerate ground states.

Although the standard DFT has been successfully demon-
strated in predicting the ground-state electronic properties of
materials, the main drawback of LDA/GGA functionals is the
significant deviation of bandgap calculations from experimental
results. Importantly, LDA/GGA functionals do not suit well for
systems with high levels of electron correlation, for example,
lanthanide-based materials featuring strongly coupled f
electrons. Thus, the important features of the phosphors,
including 4f-5d transition energy and the energy gap between

DOI: 10.1021/acs.chemrev.6b00691
Chem. Rev. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.chemrev.6b00691

Chemical Reviews

5d level and host conduction band may not be accurately
predicted by LDA/GGA functionals.

To address the deficiency of LDA/GGA-based methods,
many new functionals have been proposed by including a more
precise description of exchange-correlation potential. For
example, a newly developed semilocal TB-mB]J functional was
put into practice by Tran and Blaha, who utilized kinetic energy
density data for the improvement of bandgap calculations.'”*
Alternatively, the problem of excessive electron delocalization
associated with the LDA/GGA methods can be overcome by
introducing a strong intra-atomic Coulombic interaction. This
simulation approach is known as the DFT+U method,'”” which
enables one to estimate the bandgap within a small error range
from the experimental data. To determine the parameter U, the
experimental results such as bandgap and orbital location have
commonly been used as references to ensure a subtle difference
between calculations and measured values. It is apparent that
the dependence of the empirical parameter U on experimental
observation is the major obstacle to its application. Another
attractive solution is the use of a hybrid functional that
incorporates a portion of exact exchange energy from the HF
theory into a local or semilocal density functional. Such a
hybrid density functional in the form of PBEO or HSEO06 has
been extensively adopted to reduce discrepancy between
experiment results and theoretical prediction on bandgap,
defect formation, and charge localization in semiconductors and
insulators."*”"*!

To probe the excited-state property that is beyond the scope
of DFT, a post-DFT method, namely constrained density
functional theory, has been proposed to predict the atomic and
electronic structures of materials at excited states."*>'®’ Note
that the constrained DFT is a combination of the standard
DFT with additional constraints on the charge density, and it
defines an appropriate density functional for systems requiring
particular electronic configurations. In addition, the electronic
information extracted from DFT calculations can also be
utilized as a zero-order solution for many-body perturbation
theory within the GW approximation.'**'® This approach has
recently risen to prominence for characterizing the processes of
electronic excitation. The combination of the GW approach
with the Bethe-Salpeter equation'® can lead to a quantitative
treatment of peak positions, heights, and widths in the
absorption and electron energy-loss spectra by taking into
account quasi-particle effects and the screened electron—hole
interaction.

5. DESIGN CRITERIA OF LANTHANIDE-ACTIVATED
PHOSPHORS

As described in section 3, host lattices play a significant role in
the determination of 5d-4f luminescence features because the
5d orbitals are extremely sensitive to surrounding environment.
For instance, nitride hosts are suitable for Eu?*- or Ce*-
activated phosphors that give rise to emission at long
wavelengths as the strong covalency offered by these
compounds can produce a large redshift toward 4£-5d
transitions.'>* For lanthanide-activated scintillators and persis-
tent phosphors, desirable luminescence features are likely to be
obtained in halides,"**°**° aluminates, and silicates.?***” In
addition to 4f-5d transitions, the optical transitions within well-
shielded 4f manifolds can also be affected by the local
environment. A classic example is revealed in the investigation

of hexagonal-phase NaYF,:Yb/Er phosphors that exhibit the

most efficient upconversion luminescence as compared to their
cubic counterparts and other host materials.”””

Apart from intrinsic host lattices, lanthanide dopants also
need to be considered in the computational model. A typical
justification lies in the different optical response from the
activators occupying nonequivalent host sites, which leads to
multiple emission centers. Note that the difference in the site
occupation of the luminescent centers can be ascribed to the
substitution of crystallographically independent host cati-

ns,’”” 7> the distortion of the coordination environment
caused by an intentionally introduced codopant,”*>*'* and the
relaxation of charge-compensating defects.”’’ More impor-
tantly, the alignment of 4f and 5d levels of lanthanide dopants
with respect to host bands is extremely crucial for optical
investigations because it can directly affect the occurrence of
Sd-4f luminescence and subsequently alter the emission
features.>® Therefore, in the succeeding subsections, we
attempt to first discuss the design criteria extracted from the
computational cases of intrinsic host lattice then followed by
the criteria derived from representative activator-contained
examples. These criteria could be useful for evaluating specific
characteristics of lanthanide S5d-4f luminescence, including
quantum yield, emission color, and decay rate as well as thermal
quenching behavior.

5.1. Debye Temperature

By virtue of the close correlation of the quantum yield (®) with
the rigidity of molecules,”'* it seems rational to state that the
rigidity of the host lattice could be viewed as an ideal indicator
for efficient photoluminescence.” In general terms, a large
structural rigidity in the host materials should lead to a higher
luminescence quantum yield. Unlike in organic phosphors, the
identification of structural rigidity in an inorganic crystal is
generally difficult to conduct due to its structural anisotropy
and the existence of complicated vibrational modes. On the
basis of Voigt-Reuss-Hill (VRH) approximations,”" the
rigidity-related elastic parameters such as bulk modulus, shear
modulus, Young’s modulus, and Poisson ratio can be easily
obtained using elastic constants (C;) derived from DFT
simulations. However, none of these elastic parameters can
describe the degree of rigidity individually because of the
versatile structural connectivity of inorganic lattices.

Given the positive correlation of the rigidity with the Debye
temperature ®p, which is the temperature required to activate
the highest energy vibrations in a solid such as diamond and
graphite,”'®*"” one can infer that the Debye temperature could
serve as a useful probe for structural rigidity. Thus, it is
reasonable to assume that the Debye temperature could be
utilized for qualitatively estimating the quantum yield of the
phosphors. On the basis of the quasi-harmonic Debye
model,*'®*'? the Debye temperature ®p, which relies solely
on bulk modulus and Poisson ratio, can be extracted from
quantum calculations according to the following expressions

B
0 = [V N |2 £()
kg M (21)
N 1/3

iy =1s 2(2 1+ v )3/2+(§1+v)3/2

31— 20 1—v

(22)
where 7 is the Plank constant, kg is the Boltzmann constant, M

is the molecular mass of the unit cell, N is the number of atoms
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Figure 10. (a—h) Crystal structures of eight different inorganic hosts: Y;AL,Oy,, Ba,Y,SisO,,, Ba,SiO,, f-Y,5i,0,, Sr;SiOs, Sr,BaAlO,F, Sr;AlO,F,
and Y,Si0;. (i) A schematic showing the capability of using Debye temperature and bandgap parameters for identifying Ce**-activated high-
efficiency phosphors. The circle size and color are corresponding to the experimentally measured photoluminescent quantum yield and emission

«,»

color, respectively. Note that “+” indicates that the quantum yield of such phosphors has yet been reported. Adapted from ref 187. Copyright 2013

American Chemical Society.

in the unit cell, By is the bulk modulus of the crystal, V is the
unit cell volume, and v is the Poisson ratio.

Over a decade ago, the Debye temperature ®p, obtained in
YAG host materials using the elastic constant has been revealed
to be in reasonable agreement with that measured by
photoluminescence spectroscopy.””’ Despite the marginal
overestimation in absolute values, the Debye temperature
derived from elastic constants can also capture the trend of
weak dependence of @p, on Er’* concentration that reconciles
with experimental spectroscopic data. Moreover, the exper-
imental data confirm that there is a positive correlation between
Op, and the quantum yield of a YAG host doped with Er’*. As
all elastic constants can be determined by direct computation,
DFT calculations of Debye temperature could provide an
effective way to screen vast databases of known inorganic
structures in search for materials with a high probability of
producing high quantum yield. A representative case is shown
in Figure 10, in which eight well-characterized oxide and
oxyfluoride systems, including Ce**-activated YAG, were
employed for validation."®” It was found that a high ©r, value
of the host indeed inclines to lead to a high quantum yield of
luminescence. For example, the YAG host lattice has the
highest ® (726 K) among the eight systems under study,
consistent with the highest quantum yield (90%) experimen-
tally obtained for Ce**-doped YAG phosphors (Figure 10)."**
Moreover, the high external quantum yield (70%) of Ce®'-
doped barium yttrium borate materials (Ba,Y;BsO,,:Ce®") can
also be attributed to the high rigidity of the host lattice.”*" In
addition to metal oxides and their derivatives, such a close
Op—® correlation has been observed in lanthanide-activated
nitride phosphors. For example, the temperature-dependent
measurements of quantum yield have demonstrated that the
remarkable thermal stability of the luminescence observed in
La, 4,Ce 15SisN;; phosphor also originates from its highly rigid
lattice, which is in line with its high Debye temperature.'” This

criterion appears to be valuable when no competing mechanism
affects the performance of the S5d-4f luminescence, such as
thermally activated escape of electrons from the d orbital to the
host conduction band.”*

The capacity of the Debye temperature for predicting
quantum yield does not deteriorate even under elevated
temperatures, as confirmed by Seshadri and co-workers.”* In
their study, all calculated Debye temperatures of the
Sr,Ba, ,SiO, hosts agree well with the experimental values
obtained from neutron scattering data and low-temperature
heat capacity measurements. While the Debye temperature is a
useful proxy for quantum vyield prediction, it remains
questionable whether this direct correlation holds true for
phosphors with different luminescence mechanisms. In
principle, a high Debye temperature means inaccessible high-
energy phonon modes, resulting in a decreased number of
nonradiative relaxation channels. Hence, it is reasonable to
assume that such a temperature parameter can work for a broad
spectrum of phosphors as the process of nonradiative relaxation
is mainly responsible for luminescence quenching.

Most recently, Debye temperatures of different mixed oxides,
including Ba,SiO,, BaAl,O,, SrAl,O,, and Y,SiOs, have been
revisited using DFT calculations and three different exper-
imental techniques."®” The resulting data shed light on the
noticeable difference in rigidity between the average and local
crystal structures. This study suggested that the DFT-derived
Debye temperature can only be considered as an indicator for
the average structural rigidity, whereas the effect of local
structural rigidity around emitting ions on the optical properties
of the materials should be examined. Some abnormities
contradicting the strong @p—® correlation have been reported
in Ca,Mg(SiO,), and CaMg(SiO;), hosts when doped with
Eu?* activator."”® These phosphors with high Debye temper-
atures exhibited low quantum yields (<30%). Similar
anomalous phenomena have also been observed in other
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Table 2. Calculated Bandgap and Debye Temperature for A Collection of Host Lattices (Note That the Quantum Yields
Experimentally Observed for Ce>*- and Eu**-Activated Phosphors Are Also Compiled for Comparison)

host crystal system space group bandgap E, (eV)
Y;ALO,, cubic Ia3d 6.43
SrAL, O, monoclinic P2, 4.479
BayY,Sic0,4 rhombohedral R3 6.48
Sr;AlOF tetragonal I4/mem 6.47
Sr,BaAlO,F tetragonal I4/mem 6.7
Sr;Si0¢ tetragonal P4/ncc 548
La;SigNy; tetragonal P4bm >4
Ba,SiO, orthorhombic Pmcn 427
a-Sr,510, orthorhombic Pmab 4.489
-Sr,Si0, monoclinic P2,/c 4.106
X;-Y,Si0; monoclinic P2,/c 4.73
X,-Y,SiOg monoclinic C2/c 4.77
Ca,Mg(SiO,), orthorhombic Pnn2 6.86
CaMg(SiO;), monoclinic C2/c 7.08
SrSiN, monoclinic P2,/c 2.95
BaSiN, orthorhombic Cmca 2.92
CaAlSiN; orthorhombic Cmc2, 3.40

Debye temperature @, (K) emitter and quantum yield @ refs
726 Ce’*, 90% 187 and 188
475 Eu?*, 65% 189—191
409 Ce™, 57% 187 and 192
465 Ce’*, 85% 187 and 193
466 Ce’*, 83% 187 and 194
394 Ce’, 52% 104 and 187
660 Ce’*, 100% 195
307 Eu?*, 84% 196—198
360 Eu®, 44% 196 and 199
428 Eu?*, 75% 196 and 199
491 Ce’*, 36% 196 and 200
512 Ce™, 45% 196 and 200
601 Eu?*, 30% 196
665 Eu®*, 5% 196
375 Eu?*, 25% 201 and 202
360 Eu®', 40% 201 and 202
787 Eu*, 95% 201 and 203

lanthanide-activated phosphors (Table 2), indicating that the
screening for highly luminescent phosphors should not solely
rest on the analysis of Debye temperature.

Precise color-tuning of phosphors is of paramount
importance for various applications requiring a particular
emission wavelength.”** As shown in eq 2, the Stokes shift
(related to AR in Figure 7) can affect the Sd-4f emission
wavelength. Considering that the Stokes shift varies from nearly
zero to a value as large as 1.3 eV,"*?%5 the host effect on 5d-4f
emission color through changes in Stokes shift also merits
special consideration. Although the Stokes shift of Ce** and
Pr’" in ionic compounds has been directly estimated using both
HF- and DFT-based approaches,213’226’227 the extensive lattice
relaxation at 4f"~'5d excited states, such as the obvious atomic
rearrangement of Ce**-doped LaCl; (Figure 7, inset),** poses
a significant constraint to these methods.

According to the work of Gettinger and Heeger on p-
phenylene-vinylene derivatives, a reduction in Stokes shift with
increased rigidity of the molecular backbone was observed.”**
In light of the inversely proportional correlation between the
Stokes shift and the rigidity of the host lattice,”® one may also
qualitatively speculate that those rigid host structures tend to
have small Stokes shifts, thereby giving rise to emissions with
short wavelengths.229 Thus, there is a general consensus that
the qualitative estimation on the Stokes shift can be achieved by
measuring Debye temperature. To the best of our knowledge,
there is no research work in the literature that reports the direct
correlation of Stokes shift with Debye temperature. On the
contrary, Mikami and co-workers argued that the Stokes shift
may not necessarily be linked to the structural rigidity because
they recently found that despite having a higher Debye
temperature (489 K), Ba,SigOoN, doped with Eu®* has a larger
Stokes shift (3.2 X 10°> cm™") than its Ba;SigO;,N, equivalent
(2.8 x 10° cm™).** Such inconsistency may arise from
inadequate consideration of the local structural effect on Debye
temperature. 189

Additionally, the bandgap of host materials needs to be taken
into consideration because a crystal with high rigidity is usually
associated with a small bandgap. As such, the effect of thermal
quenching may be increased due to instantaneous concen-
tration of electrons in the conduction band. On the other hand,

one should note that the covalency of host lattices has been
widely recognized as the major contributor to the redshift of
emission wavelength. The increase in covalency should result in
highly rigid atomic conﬁ)g_urations, as observed in La;SigN,; and
SrLiAL;N, host lattices.'”>**" Therefore, it is generally accepted
that the Debye temperature could also serve as an indicator of
the redshift in 4f-5d transitions. However, no direct connection
between these two parameters has been reported from the
perspective of quantum computations.

5.2. Dielectric Constant

To explore the underlying mechanisms governing the Sd-4f
emission of lanthanide-activated phosphors, a compromise
needs to be made among different selection criteria. For
example, a material with a large bandgap has the tendency to
minimize the interaction between the material’s valence/
conduction bands and 4f/5d orbitals at the expense of lattice
rigidity. In the previous section, we have discussed the
association of Debye temperature with quantum efficiency
and Stokes shift. In this section, we will emphasize the central
role of dielectric constant in predicting the degree of the
centroid shift as defined in section 3.

The concept of nephelauxetic effects has been recognized as
a major contributor to the centroid shift in the form of
covalency (&, as denoted in eq S) that describes the degree of
electron sharing between the emitter and its neighboring
anions. Thus, one may expect that Ce*"-activated oxynitrides or
nitrides emit light at a wavelength longer than that of fluorides
due to the presence of a strong covalency in the former. At
present, the amount of covalency can be quantitatively
calculated by means of single-particle theories, for example,
through standard Hartree—Fock-linear combination of atomic
orbitals method.” Tt can also be estimated qualitatively by
DFT-based analysis of the charge distribution”** and the orbital
hybridization between the emitter and the ligands.”*"

However, an abnormal behavior that contradicts the
covalency criterion has been experimentally detected in
SrO:Eu and Sr,SiO,:Eu phosphors, as described in section
3.2. Such an abnormity is likely due to lack of contributions
from the dynamic polarizability of anions to both the centroid
shift and the crystal field splitting. By applying configuration
interaction as an extension of the basic Hartree—Fock LCAO
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approach, Andriessen et al. showed that the effect of the
dynamic polarizability on the centroid shift (&, as denoted in eq
6) can be validated, thereby enabhng one to determine the &,
and €, parameters separately.”*”

To construct atomic orbitals, a large basis set is required to
evaluate covalency and dynamic polarizability, making the
calculations of the centroid shift extremely complex.”*
Considering that spectroscopic polarizability oy, can be treated
as an ideal indicator of the centroid shift, one can simply
estimate the value of ag, using the dielectric constant. This
hypothesis is made possible because Dorenbos observed a
subtle distinction between the experimentally extracted
spectroscopic polarizability and the polarizability derived from
dielectric constant.">” A commonly used quantum mechanical
method for measuring dielectric constants is implemented by
combining DFT with Density Functional Perturbation Theory
(DFPT),”* which has been successfully applied to several
inorganic host materials, 1nclud1ng yttrium oxysulfide,”*
lanthanide borO%ermanate, % and lanthanide sesquioxides and
oxysulfides.”””**® Mikami et al. have demonstrated that the
anomalous emission observed in Eu**-doped oxynitride/nitride
phosphors can be better explained by the calculated dielectric
constants instead of the covalency.”*” Specifically, the
researchers obtained the calculated dielectric tensors (3.76,
3.76, 3.76), (3.33, 3.33, 3.35), and (3.16, 3.28, 3.18) for SrO,
Sr;3SiOs, and Sr,SiO,, respectively, which is in line with the
centroid shift in the order of £(SrO) > &/(Sr;SiO5) >
£.(8r,810,).

The Gladstone-Dale relation suggests that the dielectric
constants of multinary oxides can be qualitatively derived from
the summation of the contribution from constituent binary
oxides.””*® For instance, SrySiO; and Sr,SiO, can be
decomposed into 3SrO + SiO, and 25rO + SiO,, respectively.
It is thus reasonable to infer that Sr;SiO5 with a higher ratio of
SrO/Si0, should have a larger dielectric constant because the
O?" anion in SrO is more polarizable than achievable in SiO,.*°
However, such an empirical relation is not applicable to
multinary compounds comprising nitrides. With the help of
quantum calculations, the dielectric constants of nitridosilicates
can rather be easily obtained. A marked centroid shift could be
anticipated in nitrides with a large dielectric constant.”*”**!
Indeed, the calculated average dielectric constants of La;SigN,;
(5.46) and LaSi;Ng (5.32) are supportive of the longer
wavelength emission experimentally observed for
La,SigN,:Ce®", irrespective of the similarities in chemical
formula and the coordination number of the emitting ion.”*

In view of the difference in ionic nature between O*~ and
N*" anions, one may manipulate the centroid shift of
lanthanide 4f-Sd transition by varying the composition ratio
of O*” to N*~ in the host matrix. As illustrated by Mikami et al.
in the investigation of nitridoaluminosilicate and silicon
oxynitride, the calculated refractive indices follow the order of
CaAlSiN; (2.17) > 0.75CaAlSiON;-0.25Si,N,0 (2.08) >
Si,N,O (1.83), which can be seen as an indication of what is
predicted for the trend of the centroid shift.”*' The dielectric
constant can be approximately estimated from the square of the
refractive index. For rare-earth oxysulfides, one may expect
large centroid shifts when compared to their corresponding
oxides. It is important to note that rare-earth oxysulfides with
small bandgaps are subject to luminescence quenching since the
f or d orbitals of a given dopant may rest at the energy levels
below the valence band maximum or above the conduction
band minimum.***

Although the knowledge of dielectric constants of host
materials is useful in predicting luminescence behavior, it
should be noted that the nitrides with similar dielectric
constants do not necessarily emit similar colors. For instance,
Sr,SisNg:Eu is a well-known red phosphor for white-LEDs,
whereas BaSi;N;y:Eu and AIN:Eu,Si emit blue-green
light.244’245 Another anomalous observation is the emission of
a series of Eu-doped compounds with a basic formula of
Ba,Sic0;5 3. N,, (x = 0, 1,2, and 3).”° The calculated refractive
indices of these compounds follow the sequence of BaSi,Og
(1.65) < Ba;Sis0,N, (1.76) < Ba;SisOoN, (1.81) < BaSi,O,N,
(1.9 or 1.95), whereas the order of the emitted wavelength is
Ba,SicOyN, (480 nm) < BaSi,O,N, (494 nm) < BaSi,O; (500
nm) < Ba;SicO,N, (530 nm). Therefore, caution needs to be
taken when using the dielectric constant to evaluate the effect
of the host on the emission color. This is understandable
because the centroid shift is not the only factor contributing to
the 4f-5d transition energies, as already discussed in section 3.

5.3. Geometry of First Coordination Polyhedron

As stated in the previous two sections, Debye temperature and
dielectric constant can be used as suitable proxies to measure
the quantum yield and centroid shift of a phosphor, but the
calculations involving these two descriptors often fail to
consider the specific interactions between the lanthanide
emitters and their surroundings. This deficiency prompts the
need for discovering additional descriptors with characteristics
that are largely influenced by the local environment.

By inspection of empirical eqs 5—14, it is apparent that the
size and shape of the anion polyhedron around the luminescent
center play a crucial role in determining the centroid shift and
crystal field splitting. Let us consider the cases of Sr,SisNg:Eu,
BaSi;N(:Eu, and AIN:Eu,Si phosphors in an effort to
understand how the geometry of the coordination polyhedron
can be used to give a quick quahtatlve prediction toward the
shift of emission wavelength.” ° By examining the local
geometries of the crystal structure, it was found that the
coordination number of Eu** dopant varies from 12 to 13 as
evidenced in the hosts of AIN and BaSi;N,,. The availability of
large coordination numbers makes the Eu®" ion loosely
coordinated, leading to a small centroid shift and crystal field
splitting. The decreased redshift observed for BaSi;N,, and AIN
hosts is responsible for the emission of Eu*" at a wavelength
shorter than that in the Sr,Si;Njy host lattice. Meijerink and co-
workers systematically studied the emlssmn of Eu** ions
embedded in a series of strontium aluminates.**® Similarly, they
found that the increase in coordination number indeed leads to
a reduced centroid shift and crystal field splitting and ultimately
a short emission wavelength. This perspective also holds true
for Y;Al;_,Ga,O,:Ce phosphors in which the blue shifts in
both excitation and emission spectra originate from a less
distorted coordination polyhedron around Ce**.**” Conversely,
an increased distortion of the coordination polyhedron usually
boosts a redshift in the 4{-5d transition, as exemplified in
Y3A15 x(M§ Si),0,,:Ce and CaSrSi,_,Al,O,:Ce,Li phos-

5.”**** The accurate prediction of luminescent properties,
however, remains challenging, largely due to the hypothetic
nature of the lattice relaxation parameter AR presented in eqgs
S, 7, and 14.

The splitting of the lanthanide’s 5d orbitals highly depends
on the coordination environment. For example, within an
octahedral coordination O, geometry, the 5d orbitals can split
into double degenerate high-energy levels and triple degenerate
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symmetries of the optimized structures are highlighted in (a). Adapted with permission from ref 7. Copyright 2013 Royal Society of Chemistry.

Adapted from ref 258. Copyright 2012 American Chemical Society.

low-energy levels, while a reversed energy alignment is typically
observed for a tetrahedral coordination T,; geometry (Figure
11a). Extended X-ray absorption fine structure (EXAFS)
experiments on Ce**-doped garnets are able to provide two
Ce—O distances,”™ but the details of full structural parameters
of the CeOg moiety remain unclear. It is thus a general practice
for researchers to investigate optical properties of a material on
the basis of undoped crystal structures. As such, the structural
distortion induced by the mismatch in ionic radius between the
dopant and the host cation is usually not included. It is
plausible that the host geometry can be used to predict the
redshift of 4f-5d transitions because the dopant-induced lattice
expansion is normally smaller than the mismatch in ionic radii.
Moreover, the dopant-induced lattice distortion has limited
impact on lattice structures located beyond the first and second
coordination spheres.

However, for a large collection of Ce**-doped garnets, HF-
based calculations indicate that particular deformations of a
CeOg moiety with a D, symmetry such as bond compression
and bending in complexes with octahedral (0,) and square
planar (D,;,) symmetries can lead to a redshift of the lowest 4f-
5d transition with different contributions from centroid energy
and crystal field splitting.”*"**> Meanwhile, the unrelaxed host
effect defined as the interactions between Ce®" and the
unrelaxed second and more distant coordination shells also
gives a redshift of the first 4f-5d transition, in which the
centroid shift energy dominates the redshift in all garnets and
the crystal field splitting can either increase or reduce the
redshift depending on the nature of the garnet.”>* Clearly, one
could observe that both the pseudodistortion around emitters
and the interactions between emitters and distant neighbors
indeed affect the redshift of the transitions. Thus, the lattice

relaxation should not be ignored when studying the
luminescent properties of phosphors, especially in the materials
possessing significant lattice distortions.

In contrast to the experimental techniques and the HF-based
approach, DFT simulations can efficiently provide more
accurate geometric information on pure and doped crystals.””
Mikami presented an overview of the capability of DFT
simulations to predict both ordered and disordered crystal
structures of pure oxo-nitridoalumino silicates hosts. These
include CaAlSiNj; and its derivatives, Sr;Al;o_,Si;,O,0_,N, and
Ba3Si6012N2.26 All optimized lattice structures and the
experimental crystallographic parameters are within an accept-
able error range of 1—2%. Mufioz-Garcia and Seijo used DFT
simulations to probe the atomic structure or crystal lattice of
materials with the replacement of a single Y*>" ion by Ce®" or
La*" or with the substitution of two Y** ions by a pair of Ce*/
La* ions.”>> The as-simulated Ce—O distances are in good
agreement with the EXAFS results.”*

In 2005, Stephan et al. demonstrated the inclusion of local
lattice relaxation as a prerequisite for establishing a good
agreement between the calculated 4{-5d excitation energies and
the experimental data within an error of 0.3 eV.>’ Large lattice
distortions in coordination environment could be expected
when the formation of defect clusters induced by charge
compensators begins to take place. For example, an excess
positive charge is generated when Ce’" replaces Ca** in CaF,
crystals. The charge imbalance can be neutralized by adding an
interstitial fluoride F,' (Figure 11b) or substituting a fluoride
anion with oxygen Oy’ (Figure 11c). Note that both charge
compensators will lead to a lowered symmetry around Ce3*.”>*
The calculated structure of Ce—F(O) clusters can be employed
to estimate the contribution of centroid shift and crystal field
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splitting to the redshift of the 4f-5d transition. Furthermore,
these specific defect clusters are also helpful for the assignment
of experimentally observed absorption spectra as different
coordination environments would give rise to different
transition intensity patterns.”” Additionally, Ce>*-doped NaF
has also been studied in understanding the effect of the locally
distorted coordination polyhedron on spectral profiles.”* It is
obvious that oxygen substitutions and sodium vacancies serving
as charge compensators can introduce large lattice distortion,
driving the original Oj-symmetry of Na* to lower site
symmetries such as Dy, D, and C, (Figure 11, panels d—g).
The formation of defect clusters caused by spontaneous charge
compensation is almost inevitable and hardly controllable while
intentional addition of codopants provides a common approach
to varying the local structure of luminescent centers for
controlled color modulation,'*?¢"*%*

By first employing DFT for structure optimization, the HF-
based method can provide more accurate estimates of the
effects of local environments on the absorption and emission
energies of 4f-Sd transitions. In studying CaF,:Ce®" and
NaF:Ce** phosphors,”***** Ning and co-workers ascribed the
experimental observation of 4f-5d excitation bands to the effect
of local lattice relaxation. In a separate work on LiYF,:Ce*
phosphor, Watanabe and Ogasawara also demonstrated that by
considering the lattice relaxation the experimental spectrum can
be well-reproduced by the calculation.”®® In their study, a
symmetry reduction from S, to C, was observed. In partial
fulfillment of the previous work on the first neighborhood
effect™" and the host embedding effect,”” Seijo and co-workers
recently investigated the influence of lattice relaxation on the
lowest 4f-5d transition of Ce*" embedded in several garnet
materials by combining DFT simulations with the ab initio
embedded cluster approach.”** Their calculations show that the
effect of lattice relaxation occurring either locally or over a
relatively long distance can contribute to the blue shift of the
4£-5d transition. This study provided further insights on how
different substitution sites can be identified. The same approach
has also been used to unravel the mechanism governing the
shift of transition ener%ies in YGA:Ce*" phosphors codoped
with La** or Ga**.”***>> Despite the added anisotropic lattice
expansion around the Ce®" ions caused by codoping of La*" or
Ga®*, the observed redshift in the lowest Ce" 4£-5d transition
in YGA:La>",Ce’" phosphor is believed to arise jointly from the
La*"-reinforced ligand field effect on Sd orbitals and the
decreased energy gap between the energy centroid of the Sd
and 4f configurations, whereas the blue shift of the transition
upon Ga** codoping stems solely from the reduction in the
ligand splitting of the 5d orbitals due to induced lattice
distortions.

Recently, geometrical parameters, including the continuous
symmetry, the shape measures,”** and the tetrahedral distortion
parameter,”®® have been proposed to represent the deviation of
coordination distortion from an ideal polyhedron shape. For a
cubic Y,0; host, large values in the shape and symmetry
operation measures indicate a large distortion of Y*" ions from
their ideal octahedral positions, as manifested by lowered
symmetry operations of C, and C; point groups. Although
quantum calculations have clearly sketched an unambiguous
picture of coordination distortion around the luminescent
center, the general trend of how the distortion influences
optical properties remains unexplored. Up to now, the
corroboration between the coordination distortion and the
redshift of 4{-5d transitions is randomly chosen and only

analyzed on a case-by-case basis. To systematically study the
effect of atomic structures on luminescence, modern HF- and
DFT-based methods can be combined with empirical models.
By adopting the DFT-optimized geometry parameters and the
Dorenbos model, Jia et al. reported the investigations of
LaSi;Ns:Ce®* and La;SigN;;:Ce** phosphors with calculated
redshifts in good agreement with the experimental results.”*®

The HF- and DFT-based approaches can also be combined
with conventional crystal field (CF) models to calculate the
absorption and emission spectra of lanthanides adopting 4f"'Sd
configurations.”®” For example, Burdick and Reid used HF-
based methods for estimating the atomic parameters and radial
integrals of CF models,”*® which allows an accurate prediction
of absorption and emission spectra. Other examples include the
utilization of DFT-generated effective potentials for construct-
ing crystal field parameters’*’" or DFT-based orbital-free
embeddin_g formalism for calculating ligand field splitting
energies.”” "> A successful application of the combined
DFT-CF method has also been demonstrated in Ca,(Al,_,Mg,)
(Al,_,Si;,,)O:Eu** phosphors, by which the correlation of 5d
crystal field splitting of Eu®" with its local environment was
clearly revealed.””?

5.4. Energy Level Alignment

In the previous section, we discussed the effect of the
coordination geometry of a dopant on emission profiles. By
choosing the appropriate geometry of the coordination
polyhedron, precise control of activator emission can be
achieved. There is also experimental evidence that the Debye
temperature and dielectric constant are useful proxies for
luminescence assessment. There are situations, however, in
which these parameters are of little utility. The major concern,
in this regard, is to recognize that not all lanthanides have
emission on excitation. If the emission profiles are predictable
through energy level and transition intensity calculations then
the design of inorganic phosphors will be quite straightforward.
In this section, we briefly discuss the absolute position of the 4f
and 5d energy levels and their location relative to the energy
bands of the host. It is an important study that shows that the
emission process, absorption/emission energies, emission
bandwidth, and decay rate, as well as thermal quenching
behavior of the materials, could be well-rationalized.

5.4.1. Emission Criteria. The attempt to explain the origin
of luminescence in inorganic phosphors with configurational-
coordinate diagram-based models could be dated back to the
late 1930’s. With the aid of the Mott-Seitz, Seitz, and Dexter-
Klick-Russell models, one could determine whether a particular
lanthanide ion can be activated or not by examining the
distance between the excited and the ground states at
equilibrium (AR as shown in Figure 7).””* A close examination
shows that the AR is roughly assumed to be equal to the
difference between the orbital distances for electrons around
the atomic nucleus. While fairly successful for its implementa-
tion, the usefulness of the parameter is diminished by the
requirement of a precise and comprehensive assessment of the
conditions under which quantitatively predictive results can be
obtained.

In the case of scintillators presented in Figure 2, the 4f and
5d levels of doped lanthanides need to be inserted inside the
bandgap of the host material in order to trap holes and
electrons for efficient radiative emission. By constructing
binding energy schemes for more than 1000 different inorganic
compounds, Dorenbos has developed a complex empirical
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model endowed with considerable predictive power.">**”®

However, access to such comprehensive data requires a tedious
process. In addition, the approximation nature of the given
model makes it unrealistic for quantitative predictions.
DFT-based ground-state calculations have been regarded as a
primary quantum tool because it is a time-efficient way of
realizing lattice relaxation and has the ability to provide insight
into the electronic structures of materials, especially with regard
to the orbital alignment of doped systems. As discussed in
section 4.3, the standard DFT simulations usually give
underestimated bandgaps and inaccurate or even wrong
positions of 4f energy levels due to the intrinsic self-interaction
error of the DFT method and the highly correlated nature of
the 4f orbitals.””>”® Such problems can be largely alleviated
by utilizing advanced DFT+U and hybrid DFT approaches. For
example, pure DFT-GGA calculation derived the 4f-VBM gap,
defined as the energy gap between the lowest 4f level and the
host valence band maximum, to be 2 eV in a LaBry:Ce®
system. This result significantly deviates from the experimen-
tally measured 4-VBM gap of 0.9 + 04 eV. Such a large
discrepancy can be diminished using the DFT+U method with
Ug = 2.5 eV.””7 For the y-Ca,SiO,:Ce* phosphor, the
occupied 4f states of Ce®" in the presence of Ce,-Aly; defects
were wrongly merged with the conduction band.”’® Upon
introduction of a hybrid functional, the positions of the
occupied 4f states can be correctly relocated in the bandgap.
Once the specific positions of the 4f and 5d levels relative to
the host energy bands are available, one could qualitatively
measure the occurrence of the 4f-5d transitions. Recently, a
series of research activities have been implemented by Ibrahim
and Benco and their co-workers in LaSi;N;-based phosphors to
study the relative energy levels of 4f and Sd orbitals for Ce, Pr,
Nd, Pm, Sm, and Eu dopants.zgo_283 The calculated 4f energy
levels and the experimental data of the dopants with different
oxidation states are compiled in Figure 12. The researchers
found that the lowest 4f energy levels can locate either above or
in close proximity to the host VBM, or deeply embedded in the
host valence band. The unoccupied 4f energy levels were found
to mostly locate at the bottom of the conduction band.
Compared to the well-defined and localized 4f orbitals, the 5d

Energy (eV)
N

Figure 12. Representative energy levels of a series of divalent and
trivalent rare-earth (RE) ions when doped in LaSi;N; host lattice. *
and O labels refer to the occupied and unoccupied 4f states of RE*",
respectively. O and <> labels refer to the occupied and unoccupied 4f
states of RE**, respectively. Note that gray-colored circle and asterisk
symbols stand for the experimentally observed 4f ground states. The
dashed and solid arrows indicate charge transfer to trivalent
lanthanides and f-d transition in divalent lanthanides, respectively.
Adapted with permission from ref 283. Copyright 2015 Elsevier B. V.

orbitals of lanthanide ions are rather dispersed and highly
mixed with the conduction band. On the basis of the energy
level diagram displayed in Figure 12, one could only expect the
occurrence of 4f-5d transitions in LaSi;N;:Ce** phosphor
because the 4f orbitals of Ce** locate well above the VBM. On
the contrary, the 4f orbitals of other Ln** ions are well-localized
within the valence band, indicating that charge transfer from p
to 4f orbitals is responsible for the electronic transition in
LaSi;N-based systems.”*” It is plausible that the $d-4f emission
of LaSi3Ns doped with divalent lanthanides can occur since the
occupied 4f orbitals reside in the bandgap. However, the
luminescence of LaSi;Ns:Ln*" was not observed experimentally,
which could be attributed to the thermal quenching induced by
highly destabilized 5d states of the divalent lanthanides.

The existence of the 4f-VBM gap has been identified in an
array of Ce**- and Eu’*-doped host materials, making them
suitable candidates for use as scintillators.”””*** Interestingly,
Watras and co-workers predicted that the 4f-5d transitions in a
KCa(PO;); host could take place only within the ultraviolet
spectral region when the Ca vacancy-mediated generation of
Eu®* occurs.”® Their band structure calculations suggest the
absence of 5d-4f transition of Eu**. Importantly, the theoretical
results are consistent with the experimental data, which show
the missing of Eu** emission bands. Therefore, the observed
red light in the emission spectrum is most likely due to the 4f-4f
transition of Eu®".

As noted earlier, advanced DFT calculations can be used to
determine the relative position of 4f energy bands to the host
VBM. For more dispersive 5d orbitals, the mapping of their
relative position, however, could offer a set of challenges for the
method developer. In general, ground-state DFT calculations
show high levels of hybridization between the Sd orbital of the
lanthanide emitter and the conduction band of the host, even
for well-known phosphors. These simulation results are
contradictory to the fact that the lowest 5d state of the emitter
must rest well below the conduction band to realize the process
of emission. This contradiction can be well-clarified by
analyzing the electronic structures of excited 4f*'Sd' states
with the help of constrained DFT methods.”””**%2%672%¢ The
excited states can be mimicked by manually pumping one 4f
electron to the first energy level of Sd orbitals. In Ce®'- and
Eu**-doped phosphors, removal of one 4f electron can shift the
lowest 5d energy level within the bandgap due to hole—electron
attractions. Consequently, the lowest Sd energy level resides
well below the host CBM, which is necessary for achieving 5d-
4f emission.

Although the constrained DFT methods enable one to
qualitatively derive Sd-CBM gaps, they are not workable when
the 5d-CBM gaps are close to zero or the Sd states resonate
with the host CBM. Hence a parameter needs to be developed
to examine the relative position of the first excited 5d state. As
an illustration, Canning et al. proposed that the degree of the
localization in the lowest excited d orbital can be used to
investigate the origin of the lowest conduction band, either
from a host or a doped emitter (Figure 13).”77*****” By
considering the bandgap, 4-VBM gap, and degree of 5d orbital
localization, the researchers theoretically and experimentally
discovered several bright Ce®'- and Eu**-based scintillators
when screening for hundreds of targets. The implementation of
those key selection criteria is more likely to lead to a significant
cut in the production cost of phosphors.

5.4.2. Emission Redshift. In addition to the ability to
predict the occurrence of 5d-4f luminescence, DFT simulations
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BaCIBr:Eu
d character of Eu

SrGa,0,.Eu
s character of Ga

Figure 13. Lowest excited 5d state plots of Eu**-doped BaCIBr and
SrGa,0, scintillators. The excited state has a pure d character of Eu for
BaClBr:Eu** compound. The excited state shows significant electron
delocalization in the nonluminescent SrGa,0,:Eu** compound with a
predominant s character of Ga. Adapted with permission from ref 284.
Copyright 2014 American Physical Society.

can also provide the quantitative estimate of 4f-5d transition
energies. Schmidt and co-workers reported that the exper-
imentally observed 4f-5d excitation energies linearly depend on
the energy difference between the 4f and Sd ground-state
orbital energies for a variety of trivalent lanthanide-doped
fluorides and oxides.”>” With the help of the fitted parameters,
the researchers found that the transition energies obtained at
the ground state agree well with the experimental validation®”’
or the energy values directly calculated at excited states.””" In a
separate work, Yao et al. investigated lanthanide-doped
hexagonal NaYF, crystals and found that the orbital energies
obtained from constrained DFT calculations can be used to
predict the 4f-3d transition energies.”””*”> Compared to the
calculation at the excited state, the ground-state DFT
simulation is a more efficient approach for investigating
electronic structures and qualitatively interpreting luminescent
behavior of phosphors. By taking BaO-SiO,:Eu*" phosphors as
an example, Hong and co-workers analyzed DFT-calculated
band structures of the phosphors with different compositions
and found a bandwidth broadening in the Sd state of Eu** in
the order: BaggsBuysSi,0s (0.771 eV) < BaggsEugsSiO;
(0.784 V) < Ba, sEusSiOs (1.039 €V).””* Such ordering is
congruous with the increase in the wavelength of S5d-4f
emission measured for these three phosphors. Most recently,
Fang and Biswas examined the luminescence behavior of a
collection of halide-hosted phosphors, including CsBa,Is:Eu*”,
KBa,I:Eu**, and KSr,ls:Eu**, by DFT calculations.””> Their
calculations on orbital energies and electronic structures
suggest that the Eu** dopants tend to form a sublattice
structure only in Ba’*-containing hosts. Importantly, the
researchers also found that the 4f-CBM gap decreases with
increasing Eu*" concentration as a result of the formation of
subdomains. This result provides a rational explanation for the
redshift of 5d-4f emission experimentally recorded for samples
with a high doping concentration of Eu** (5%).

Considering that the 4f-5d optical transition occurs between
the ground and excited states in a given system, one should
carefully validate the suitability of the ground-state orbital
energy for representing the 4f-5d transition energy. HF-based
approaches can be used to calculate the precise energy levels of
the 4f and Sd orbitals at excited states. This attribute enables
one to further estimate the 4f-5d transition energies, predict
absorption and emission spectra, and evaluate the oscillator
strength of the 4f-5d transition. Ce®" ion has the simplest form
of electron configuration (4f'), and its 4f-5d transition is most
studied among all divalent and trivalent lanthanides. As an

illustration, the centroid shift of Ce3* in various hosts, including
BaF,, LaAlO;, and LaCl;, has been directly evaluated by
Andriessen et al. through ab initio cluster calculations at the
Hartree—Fock level.”>> Moreover, the researchers pointed out
that a good agreement between theoretical and experimental
results on the centroid shift of Ce3* can be achieved by
including the effects of anion dipole polarization and dynamic
correlation during the calculation.””®

Alternatively, a different ab initio approach, namely ab initio
model potential embedded-cluster calculation has also been
employed to study the 4f and Sd energy levels of lanthanide
emitting ions. Seijjo and co-workers used this method to
investigate 4f-5d optical transitions occurring in YAG:Ce¥,
Lu,0;:Pr**, BaF,:Tb*, and CsCaBr,:Yb** phosphors.””” > In
a further attempt to obtain a comprehensive understanding of
the 4f-5d transition, the same group calculated the vertical
absorption and emission of (LnCl)*~ clusters (Ln = Ce to Tb)
embedded in a cubic elpasolite Cs,NaYCls.>"" On the basis of
the calculated absorption and emission profiles and relative
transition intensities, the researchers are able to assign the
experimentally observed absorption and emission lines, directly
calculate the Stokes shift, and predict the hidden transitions
that cannot be detected using current experimental techniques.
As illustrated in Figure 14, the calculated lowest 4% and 4f'5d
levels of Tb*" in BaF, host are qualitatively in line with the
experimental validation.
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Figure 14. Schematic calculated energy diagram of the lowest 4f° and
4f’5d levels of BaF,:Tb** using wave function-based ab initio
embedded cluster method and experimentally detected excitation
and emission spectra. Adapted with permission from ref 299.
Copyright 2014 Elsevier B. V.

As discussed in section 5.3, DFT-based ground state
calculations can effectively reach the genuine lattice relaxation
of doped materials, thus proving qualitatively estimation on 4f-
5d transitions through the size and the shape of coordination
environment around the emitters. To directly probe the optical
properties such as redshift and Stokes shift, HF-based methods
are commonly suggested to include the effect of lattice
relaxation by adopting DFT-optimized crystal structures as
calculation input. This is because the HF-based approaches
become extremely resource-demanding when the effects of
lattice relaxation are considered.””"”"> By employing the
combined DFT-HF method, one could expect a better
agreement between the calculated transition profiles and the
experimental data. For instance, by optimizing the crystal lattice
of Ce-doped La,CaB (O, the experimentally observed J and K
bands have been successfully assigned to the lowest 4f;-5d,
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transition of Cey, and the lowest 4f;-5d, transition of Ce, with

a charge compensator of Nac, (Figure 15), respectively.””®
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Figure 185. Calculated 4f,-5d; (i = 1—S5) transition energies and relative
oscillator strengths for Ce®" ions doped in La,CaB,;0,,. Experimental
excitation spectrum is shown in the top panel for comparison. Insets
shown in middle and bottom panels correspond to the coordination
polyhedra of Ce® ions occupying La and Ca sites, respectively.
Adapted from ref 276. Copyright 2013 American Chemical Society.

Additionally, small differences between the 4{-5d transition in
Y,Al;0,,:Ce*" and Lu;Al;0,,:Ce*" phosphors can be directly
calculated by including the structural relaxation.”** In this
study, the maximum energy differences could reach 180 and
189S cm™! for the 4f and 5d orbitals when the calculations use
unrelaxed””” and optimized*>* structures of (CeQOg)">~ clusters.
Importantly, the different local structures induced by the
presence of charge compensators, codopants, or antisite defects
can be easily retrieved through DFT-based structure
optimization, rendering more accurate energy levels of Ce®*
ion (Table 3).2%*72%29%2%0 Moreover, the calculated 4£-5d, (i =
1-5) transition energies can be used to unambiguously
distinguish the contribution of the centroid shift and the

crystal field splitting to the total redshift, shedding light on the
underlying mechanism of the experimentally observed variation
in emission wavelength. It is believed that the directly
calculated transition energies can provide new insights into
the manipulation in the wavelength of emis-
sions, 258:276,279,303,304

5.4.3. Emission Bandwidth. Unlike f-f transitions, the Sd-
4f transitions are characterized by broad absorption and
emission spectroscopic bands as a result of the large difference
in the susceptibility of 4f and Sd orbitals to the surrounding
environment. The width of the spectral bands, defined as full-
width at half-maximum (fwhm), is typical of 100 nm for Ce*'-
activated phosphors. Recent advances in phosphors with broad-
or narrow-band emissions make them potential contenders in
electronics and lighting markets for applications as displays,
fluorescent lighting, and white LEDs.>*® For example, the
fabrication of single-phosphor-**° and multiphosphor-based'”
white-LEDs with high color rendition requires the emission
bandwidth to be substantially broad and narrow, respectively.

To manipulate the bandwidth of a particular emission, an
important issue relating to the factors that affect bandwidth
needs to be addressed first. In accordance with the
configuration coordinate diagram as shown in Figure 7, broad
spectral bands can be ascribed to the large difference in energy
states at equilibrium and also the high probability of radiative
transitions between numerous vibrational levels.””* Clearly, the
narrow-band emission is achievable if the two factors can be
mitigated. Because the local structural relaxation around the
emitter and the level of high-energy vibration are closely
associated with the rigidity of the host lattice, the use of a highly
rigid host structure may yield phosphors with desired narrow-
band emission. Very recently, Eu**-activated Sr[LiAl,N,] red-
emitting phosphor has been demonstrated by Pust et al. to be a
promising candidate for the next generation of white-LEDs
because of its narrow-band emission centered at 650 nm
(fwhm: ~ 50 nm)."” The authors linked the narrow-band
emission to the limited freedom for geometrical relaxation at

Table 3. Relative Energies and Energy Shifts Calculated for Many-Electron Levels of the Ce’s 4f', 5d', and 6s’ Configurations in
YAG:Cey in the Absence and Presence of Codoped La**, Ga*', or Antisite Defects (AD)***~>°°*

host Cey Cey,Lay Cey,Gay(Oct) Cey,Gay(Tet) Cey,1AD Cey,2AD
D, energy C, energy shift energy shift energy shift energy shift energy shift
4f' levels 1B, 0 A 0 - 0 - 0 - 0 0 0 0
1B, 38 2’A 62 24 51 13 64 26 63 26 36 -2
1B, 202 3’A 248 46 244 42 231 29 159 —43 271 69
1’A 416 £A 490 74 21 5 409 -7 433 17 461 45
2’B, 443 5*A 541 98 473 30 445 2 488 45 492 49
2’B, 516 A 620 104 524 8 529 13 571 55 624 108
2’B, 2419 72A 2422 4 2420 1 2390 -29 2316 -102 2320 -98
5d! levels 22A 23853 8A 23633 —220 23927 74 24064 211 24314 461 24645 792
3’B; 30169 9?A 30756 586 30247 76 30278 109 31093 923 30505 336
3PA 48112 10°A 47659 —454 48328 216 47884 —228 47904 —208 46695 —1418
3’B, 48700 11°A 49267 567 49080 380 48990 290 49318 618 47379 —1321
3B, 52221 12°A 51376 —845 51555 —666 51719 —502 50218 —2003 52497 276
68" level £A 61214 13’°A 63110 1896 61957 743 61627 413 58984 —2230 64190 2976
AE i (4f'—5dY) - 40035 - 39912 —123 40037 2 40006 -29 39994 —41 39743 -292
ABjgasaq (PA—8A)  — -16182  — -16279 97 —16110 72 —15942 240 —15680 502 —15098 1084
AE; (4f'—1%A) - 576 - 626 50 591 15 581 5 576 0 601 25
AE;; (5d'-8%A) - 16758 - 16905 147 16701 -57 16523 —235 16256 —502 15699 —1059

“Note that the MS-CASPT2 calculations are based on a (CeO3AlLO,)"*-embedded cluster without the effect of spin—orbital coupling. The unit for

all numbers is in per centimeter.
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Figure 16. (a) Schematic illustration showing the correlation of emission bandwidth with the 4f substate splitting of Eu**. AE represents the energy
splitting between the two highest 4f” levels of Eu®". (b) Three dimensional and cross-sectional partial charge density calculated for the highest 4f
band of Eu** when doped in CaLiAl;N, (top panel) and -SiAION (bottom panel) host materials. Adapted from ref 201. Copyright 2016 American

Chemical Society.

excited states and suppressed electron—phonon coupling,
imposed by the rigid framework of the host lattice. It is
noteworthy that the Debye temperature can be treated as a
condition equivalent to the rigidity or strength of the crystal
lattice, as discussed in section S.1. As such, it is now common
practice to predict the emission bandwidth using the Debye
temperature. For example, doped systems with high Debye
temperatures tend to produce narrow-band emissions.

Besides the rigidity factor, the number of nonequivalent
emission centers also plays an important role in regulating
emission bandwidth because a broad-band emission can also
originate from the overlapping of multiple 5d-4f emissions. For
multinary compounds such as SrLiAl,N," Y;SisN,O,**
Ca,F,8i,0,,*” and Ba;SicO,N,**” phosphors, not merely one
nonequivalent cation site is available for lanthanide substitution.
If these nonequivalent sites have a significantly different
coordination environment, the lanthanide’s d orbital would
give rise to different values of centroid shift and crystal field
splitting, leading to overlapped emissions. In the case of
narrow-band emitting SrLiAl;N,:Eu®* phosphor, the two
coordination polyhedrons of Eu** have indeed proven to be
nearly identical.'” The calculated density of states also showed
similar covalency features between those two nonequivalent Eu
sites.”>" Furthermore, the observed narrow-band signature in
StMg;SiN,:Eu®" (fwhm of ~43 nm) was also ascribed to the
lone site occupied by the Eu emitter.””**%” It is worth noting
that the experimentally observed narrow-band emission is
usually associated with a more symmetric coordination
environment around the dopant, as seen in SrLiAL,N,,"
Sng3SiN4,308 and BaSi,N,0,”'" lattices with the cuboidal
coordination. These symmetric coordination features can be
identified by comparing the density of state of the non-
equivalent nitrogen sites.””"”**'" Conversely, nonequivalent
substitution sites featuring an asymmetric coordination
polyhedron are likely to generate broad-band emissions. The
observation of two nonequivalent Y sites with different
electronic structures in Y;SisNyO phosphor is in accordance
with the broadband emission recorded for the phosphors upon
Ce* doping.** To modulate the distribution of the emitters
occupied at the nonequivalent sites, one useful strategy is to
introduce codopants. For instance, the codoping of Ca** ions

into Sr,SisNg:Eu®* phosphors leads to broadband emission
because of the balancing in the substitution of two different
strontium sites by Eu®*.”'*> Another demonstration was shown
in the case of Ba,;SigO,N,:Eu’** phosphors in which a narrow-
band emission (fwhm: 68.1 nm) was achieved by codoping
Mngr ions at a concentration of 0.3%.>"

Due to the shielding effect of Sd and 6s orbitals, the splitting
of 4f orbital is generally assumed to be insensitive to the host
environment, thereby hardly contributing to the variation in the
5d-4f emission profile. However, both experimental results’"*
and HF-based quantum calculations®" showed that the
splitting of Ce’" 4f orbital in some garnet-based materials
could reach an energy of ~4000 cm™), a level that is
comparable to the splitting induced by effective field or
spin—orbital coupling. Hence, it is imperative to include the
effect of the host on the splitting pattern of 4f orbital in
situations where the emission bandwidth needs to be precisely
controlled. In 2016, an interesting phenomenon was reported
by Wang et al., who demonstrated that a large splitting (AE, >
0.1 eV) between two highest Eu** 4f” bands can theoretically be
realized by doping Eu** into hosts of CaLiA;N,, SrLiAlN,,
SrMg,SiN,, and BaLiALN, (Figure 16a).””" These phosphors
were found to exhibit narrow-band emissions experimentally.
By comparison, a series of well-known broad-band emitting
phosphors were generally characterized by small splitting values
(AE, < 0.1 eV).””" On the basis of charge density analysis, the
researchers argued that the large splitting of the 4f orbital in
narrow-band emitting samples arises from the strong
interaction between the “lobe”like alignment of 4f level and
the nitride anions (Figure 16b). Given that the degree of
spectral overlap between multiple emissions is sensitive to the
splitting pattern, the parameter AE; thus could serve as a
suitable descriptor for predicting emission bandwidth.

5.4.4. Thermal Quenching Behavior. Another important
property of lanthanide ions is the inverse relationship between
temperature and the intensity of luminescence arising from Sd-
4f optical transitions. This property can be harnessed for
temperature sensing or probing thermal transport in the micro-
and nanodomains.”'® Blasse, Happek, and their co-workers
discovered in silicate, borates, and oxides that the quenching
could take place even at a low temperature, leading to a
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significant reduction in quantum efficiency.”’’ =" However,
there are some exceptions. Lin et al. reported remarkable
thermal stability in the luminescence of KBPO,:Eu** (B = Sr,
Ba) and LiSrPO,:Eu** phosphors up to 250 °C.”*°

The correlation between the intensity I(T) of Sd-4f
luminescence and temperature T is given

1(0)
b oo Z2E
L+ e"P( m) (23)

where I, is the radiative decay rate corresponding to the 5d
state of the lanthanide, I'; is the attempt rate of the thermal
quenching process, kg is Boltzmann’s constant, and AE is the
energy barrier for thermal quenching. By adopting empirical
parameters in eq 23, one could derive the thermal quenching
barrier through

K(T) =

T,
AE = %5 ¢
680 (24)

where T4 is the quenching temperature, at which the emission
intensity drops to 50% of its original intensity. Obviously, this
empirical model suggests that the energy barrier for thermal
quenching is an important parameter in determining the
thermal stability of phosphors.

Four types of mechanisms have been proposed to explain the
thermal quenching behavior observed for different types of
lanthanide-activated phosphors. As shown in Figure 17, type L is
based on the 4f-5d crossing model involving using a
configuration coordination diagram.****"*** Type II mecha-
nism suggests that excitation of holes from lanthanide ions to
the valence band of the host could also result in the thermal
quenching of luminescence.””” In the type III mechanism, the
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Figure 17. Schematic illustration of thermal effects on lanthanide
luminescence by four different mechanisms. Type I: thermal
quenching through nonradiative emission (4f-5d crossing model);
type II: thermal quenching induced by the excitation of holes from the
activator to the host valence bands; type III: thermal quenching
through multiwavelength emission from activators with mixed valence
charges; type IV: thermal quenching induced by the excitation of
electrons to the host conduction band, a process also known as
thermal ionization model. A and A* indicate the respective ground and
excited states of the activator. A’ and A*' represent the ground and
excited states, respectively, of the activator with mixed valence charges.
VB and CB stand for the valence and conduction bands of the host,
respectively. E, is the activation energy needed to reach S5d-4f
interconfigurational crossover. E,. is the energy barrier of the electrons
ionized from the excited Sd substates to the conduction band. The
dotted, solid, and dashed arrows represent photon excitation, emission,
and nonradiation processes, respectively.

process of thermal quenching is shown to be likely induced by
the presence of luminescent emitters with mixed valence
charges (Eu’*-Eu®* or Ce®*-Ce*" pairs), as experimentally
observed in phosphate- or YAG-based phosphors, respec-
tively.”*”*** Type IV mechanism, also known as the thermal
ionization model proposed by Dorenbos, describes that the Sd
electron can be thermally excited to the host conduction band if
the energy $p (E4.) between the 5d level and the CBM is
small.>**~**” The existence of small E4. values in Ce**-activated
Y,ALO,,”* and Y3SisNyO**° compounds has been verified by
thermoluminescence excitation spectroscopy. By approximating
the energy barrier AE with the measured energy gap E,, the
stability of phosphors in relation to thermal variation can be
assessed.

DFT-based simulations have been extensively utilized as a
high throughput screening tool for thermal stable phosphors.
Both the bandgap of the host and the relative location of 5d
orbitals are relevant to the determination of E4.. A host material
with a large bandgap can provide sufficient space to
accommodate 4f and 5d energy states and effectively decrease
the probability of the overlapping between the lowest 5d state
and the host CBM. For example, the difference in thermal
quenching behavior between Ba;SigO,,N,:Eu*" (weak thermal
quenching) and Ba;SicOgN,:Eu** (strong thermal quenching)
phosphors could be explained using the thermal ionization
model, whereby the large bandgap of Ba;SisO,N, may render a
large value of Ey.”*° The gap difference between these two
compounds was further confirmed to be around 0.43 eV by
more accurate quasiparticle calculations.””® Similarly, in a
recent study of thermal quenching behavior in Y;SisNyO:Ce*”,
Zhu et al. also attributed the small value of Ey. (~0.023 eV) to
the small bandgap of the host.’® The same underlying
mechanism has also been used to support the observation of
different E4. values in two red-emitting phosphors, namely
StLiALN,:Eu** and SrMg;SiN,:Eu*’, with the former being
about twice the value of the latter.’"

The bandgap of a given phosphor and its associated E, value
are largely dependent on doping concentration. By taking Eu*'-
doped CaAlSiN; phosphors for instance, Chen et al. observed a
decrease of 0.03 eV in bandgap with a doping concentration of
0.5% as shown in Figure 18a.”” The researchers also found that
the increase in Eu** concentration leads to a large splitting of
5d orbitals, accompanied by a concurrent decrease in the value
of E4.. Surprisingly, they noticed that both the bandgap and the
E;. of the phosphors under study vanish when the doping
concentration of Eu** reached 5%. Such phenomena indicate
that the thermal ionization-based luminescence quenching is
highly sensitive to the emitter’s concentration. Unlike the well-
defined Sd-CBM gap in CaAlSiN,:Eu** phosphors, the ground
state-based quantum calculations suggest that the Sd orbitals
are usually resonant with the conduction band or even located
above the host CBM.

The constrained-DFT approach'® can be used to study the
electronic properties of doped systems at excited states through
manipulation of the orbital occupation. For Ba;SigO,,N,:Eu*"
and Ba;SigOgN,:Eu*" oxynitrides, one can find that all Eu*" 5d
levels are located well below the host CBM at the ground state,
irrespective of the substitution site and the type of the host
lattice.>”” However, only one substitution site in each host of
chosen can produce the 5d-CBM gap at the excited state.
Moreover, the Ba;SigO;,N,:Eu*" phosphor has a larger Eg4
value than its Ba;SigO,N,:Eu** counterpart, attributable to high
luminescence thermal stability of the former (Figure 18, panels
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Figure 18. (a) Schematic illustration showing the correlation of Sd-
CBM (E4) and bandgap (Eg) of CaAlSiN; material with Eu**
concentration. (b and c) Schematic representation of the coordination
environment of the barium ion in Ba;SicO;, and Ba;SicOgN, lattices,
respectively. Note that the 5d-CBM gap exists when the Ba’* ion in
the host lattice is substituted by Eu*". (d and e) The corresponding
spin-polarized (spin-up in black and spin-down in red) band structures
of Eu**-doped Ba,SisO;, and Ba,SizO,N, phosphors, respectively.
Adapted from ref 307. Copyright 2016 American Chemical Society.

b—e). Another case requiring the involvement of excited states
pertains to Ce**-activated LaSi;Ny and La;SigN,; phosphors, in
which the 5d-CBM gap vanishes at the ground state but exists
at the excited state.”*

As stated in section 5.4.1, Canning and co-workers have
pointed out that the localization of the lowest d character at
excited states can be used as a descrigtor to differentiate the
origin of the lowest unoccupied band.”””*** Such a descriptor
not only enables one to detect the event of 5d-4f emission but
also potentially allows for the assessment of luminescence
thermal stability. In principle, the predicted E4. value is likely to
be small in those phosphors without a clear boundary between
the host CBM and the lowest Sd level, leading to a low
quenching temperature.

5.4.5. Emission Decay Kinetics. The rate of spontaneous
emission, also defined as luminescence lifetime, is a kinetic
characteristic of optical transitions. The 5d-4f emission within
Eu** and Ce* ions is typically associated with a very fast
dynamic process, featuring a decay time in the range of tens to
hundreds of nanoseconds.*”**" Such a fast decay rate makes
the Eu**- or Ce**-doped phosphors promising for applications
in lighting and scintillation. On the other hand, the decay time
of the 5d-4f emission could be controlled over seconds to
hours, as demonstrated in persistent phosphor SrA-
1,0,:Eu**,Dy**.>° The phosphors featuring long lasting
luminescence are also found attractive to various applications
including display and imaging.

It is well-known that the variation in decay rate could benefit
the study of energy transfer and reabsorption processes in a
given phosphor containing sensitizer-activator pairs.”>> Thus, it
is fundamentally crucial to understand the factors that dictate

the decay rate. For any given optical species with similar decay
rate, the decay curve can be obtained according to”*

I(t) =CX r;ad exp[_(rrad + Fnr>t:| (25)

where I,y and ', are the radiative and nonradiative decay rate,
respectively, ¢ indicates time, and the constant C is determined
by the intrinsic properties of the instrument and the excited
species. To obtain the luminescence lifetime, the diagram
representing I(t) versus t is usually plotted. The slope of the
plotted curve is considered as an experimentally determined
decay rate. Note that the obtained decay rate is a summation of
radiative and nonradiative decay rate.

It is believed that absolute measurement of luminescence
quantum efficiency could be troublesome and laborious. As an
additional benefit, luminescence lifetime can also serve as an
alternative access to the estimation of the quantum efficiency.
For a single-exponential decay curve, the decay time t equals
the reciprocal of the experimentally obtained decay rate

1

= ————
l—‘racl + 1—‘nr (26)

Considering that the nonradiative decay rate highly depends
on the temperature while the radiative part is irrelevant to the
temperature, one can estimate the quantum efficiency at high
temperatures through

o(r) = 1) _ (D)

IlowT tlowT (27)

where I, and f,,,; represent the luminescence intensity and
the lifetime measured at low temperatures, respectively.

Apparently, an accurate mapping of decay rate could be very
helpful for a better understanding of the underlying
mechanisms that control luminescence processes of the
phosphors. However, the measurement of luminescence
lifetime is likely to be complicated by a multitude of factors.
For example, different detectors are needed for measuring
different ranges of decay times. Moreover, additional
mathematical post-treatments may be necessary for accurate
measurement of lifetimes for optical transitions between
degenerate energy levels. More importantly, the experimental
techniques for lifetime measurement are not able to differ-
entiate the decay contribution between the radiative and
nonradiative processes, thus incapable of resolving the issue
pertaining to the dissipation of excitation energies. It is
plausible that the existence of multiple decay rates in one
optical system may pose a further constraint to the lifetime
measurement.

DFT-based techniques are unable to predict dynamic optical
properties at excited states. Despite the limitation, they can
provide qualitative estimation of luminescence lifetime based
on the ground-state electronic structures. For illustration, let us
consider lanthanide-activated scintillators. In principle, there
are three competing decay channels existing in a given
lanthanide-activated scintillator, namely fast, intermediate, and
slow decay channels (Figure 19).”%****% Fast decay is often
associated with direct 5d-4f emission of lanthanide emitter after
sequential capture of holes and electrons during ionization. For
intermediate decay, the lifetime is prolonged due to trapping of
electrons at impurity levels, leading to delayed electron
migration to lanthanide emitters. By comparison, slow decay
generally features long lifetimes up to microseconds, arising
from the formation of self-trapped excitons. Such excitons may
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Figure 19. Schematic illustration of three scintillating processes
characterized by different decay rates. VB and CB stand for the valence
and conduction bands of the host, respectively. STE refers to self-
trapped exciton. Pink dot and blue circle represent electron and hole
carries, respectively. The dotted and solid straight arrows represent
photon excitation and emission processes, respectively. Note that
curved dotted arrows represent the transporting pathways of the
carriers.

produce radiative emission to excite the emitters. These
excitons can also migrate to the emitters, resulting in
nonradiative energy transfer and direct emission of the emitters.
Both emission processes are characterized by prolonged decay
rates. Taken together, the decay rate of the scintillators is not
only determined by the intrinsic lifetime of the excited 5d states
but also affected by the diffusion rate of the holes, electrons,
and exciton, as well as the lifetime of the excitons.

To address the issue of scintillation response, Du and Wei
and their co-workers theoretically investigated carrier transport
in a series of elpasolite-hosted scintillators, including
Cs,LiYClg:Ce?*, Cs,AgYClg:Ce®", and Cs,NaRBr;I;:Ce** (R =
La, Y).2%%?%7335 On the basis of the calculated electronic
structures, the energetics of charge carriers, and the carrier-
trapping ability of Ce activators, they found that combining
more electronegative host cations with less electronegative host
anions should result in more dispersive valence and conduction
bands. An increased dispersity of the energy bands indicates
reduced binding energies in the electrons, holes, and the
excitons, which enables one to enhance the efliciency of
transfer from self-trapped carriers to Ce®". As anticipated, fast
decay rates are observed in those above-mentioned scintillators.

In another independent investigation related to self-activated
scintillators, Shi and Du pointed out that the discrete electronic
bands in Cs,NalnBrg, Cs,NaBiCly, and TL,NaBiCly crystals can
stabilize self-trapped and dopant-bound excitons and also boost
the radiative emission of excitons.”** The discontinuity of the
energy bands in these crystals was ascribed to two factors. One
is driven by the large difference in electronegativity of host
atoms. The second arises from the large distance between
nearest-neighboring ions in the host lattice. As a result, fast
decay rate could be achieved through manipulation of host
atoms with small difference in electronegativity and short
nearest-neighboring distance. The level of band dispersion and
continuity can thus be recognized as a proper descriptor for the
qualitative estimation of the scintillator’s decay rate.

As described early, the shallow impurity levels in scintillators
are able to trap free charge carriers, giving rise to prolonged
luminescence lifetime. Similarly, frequency conversion phos-
phors, typically used as major components in white-LEDs, also
display defect-induced slow decay rates.”>” These shallow traps
within the band gap are usually caused by point defects and

impurities, as evidenced in Lu;Al;0,,:Ce** phosphors with
antisite defects.””®>* It should be noted that the formation
energies of the antisite defects were determined to be
considerably low according to the DFT calculations.”**™**
Lithium vacancies may appear when the replacement of Ce®*
with Ca?* occurs in LiCaAlF lattices.”*® Moreover, fluorine
vacancies may exist in the LiCaAlF crystal upon X-ray or
gamma-ray irradiation.”*”*** Both types of vacancies can lead
to reduced decay rates due to shallow trapping of charge
carriers. Even high performance LaBry:Ce*,Sr** scintillators
suffer from decreased decay rates, which can be attributed to
the generation of neutral Vy-Sry, complexes.”*”

To enhance the decay rate of phosphors, the most
straightforward strategy is to effectively remove those shallow
traps. Co-doping of extrinsically added ions has been well-
adopted in an effort to mitigate the formation of shallow
traps.”*?*?°% As a powerful tool, DFT can be used for the
identification and characterization of defects.”'*>* For
example, Du and Singh analyzed the electronic structure of
LiCaAlF4 host material comprising charge carrier traps by
means of DFT calculations.” The authors found that a
fluorine vacancy induces one localized defect level within the
bandgap, capable of trapping one or two electrons.

In 2011, Stanek and co-workers pointed out that the delayed
luminescence of Lu;Al;0,,:Ce** phosphors originates from the
cation antisite-caused electron trapping.**® By assessing the
electronic structure of the doped system, they found that
additional doping of Ga*" can independently shift the valence
and conduction bands toward each other. The shifting at work
can lead to a swallow of the antisite-induced trap by the
conduction band, thereby disabling the trapping capacity of the
defects. In a following paper, they confirmed theoretically the
mechanism of Ga**-enhanced decay rate, which is reliant on the
change in the electronic structure rather than reduced
concentration of the antisite defects.”®” Importantly, the same
group of researchers systematically performed DFT calculations
on band structures of multicomponent garnets, including
Lu;B;O;, (B = Al, Ga, In, As, and Sb) and R;ALO,, (R =
Lu, Gd, Dy, and Er).*® Their theoretical results suggest that
varying R jons merely affects the band structure of the host
crystal, while type B ions play a predominant role in the
determination of the band structure. Specifically, incorporation
of Ga*" and In*" dopants decreases the bandgap by lowering
the conduction band minimum, while doping of As** and Sb**
leads to a reduction in bandgap by raising the valence band
maximum. It should be noted that carrier trapping can also play
a positive role in enhancing the decay rate of the phosphors. As
illustrated in the case of LuyAl;Oy,:Ce**,Mg*" phosphors, a
localized hole trap originating from an O~ center is responsible
for stabilizing a Ce*" transient state, providing a new channel
for direct electron—hole recombination.””

Also of note is the recent efforts in developing phosphors
exhibiting long lasting luminescence. The presence of charge
carrier traps in these phosphors endows them with persistent
luminescence by gradually releasing charge carriers from the
impurity levels under external stimulation.®® In general, the
persistent luminescence could last several hours to even a few
days, dependent on the depth of the trap levels within the band
gap. An effective strategy for controlling the trap depth is
through codoping of a particular ion.**' ™ Thus, the relative
position of the trap level to the host’s band can also be
considered as a proxy for estimating the decay rate of
phosphors under study.
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Recently, Rega and co-workers directly calculated the
fluorescence lifetime and quantum yield of rhodamine
derivatives using a time-dependent DFT method.**® They
predicted the spontaneous radiative decay rate k, for S; — S
transition according to

_3AF ,

=222
Ty o e (28)

where AE, ¢, and p}, are the transition energy, the speed of
light, and the transition dipole strength, respectively. By
combing the calculated radiative decay rate with the
experimentally determined decay rate, the researchers estimated
the quantum yield by calculating the radiative fraction of the
total decay rate from

k, Texp

T (29)

r

where k, and k,, are the radiative and nonradiative decay rate,
respectively. 7, refers to the calculated decay time, and 7, is
the decay time experimentally determined. On the basis of the
theoretical and experimental results, the authors suggested that
the radiative decay rate is highly dependent on the specific
structure of rhodamine moieties. Considering that the HF-
method is able to calculate the energy and dipole strength of 4f-
5d transitions, it is plausible to extend the model to an
inorganic phosphor for quantitatively investigating the
correlation between the decay rate and materials composition.

6. APPLICATIONS

As already mentioned in the introduction part, lanthanide-
activated phosphors based on 4f-5d transitions have been
widely used as luminescent materials for optoelectronic and
imaging applications. In this section, we will briefly summarize
recent advances in applications of these phosphors, notably as
lighting and scintillating materials. We will also highlight a
number of long persistent phosphors and put them into the
context of emerging applications such as temperature and
pressure sensing, combined imaging and theranostics, photo-
catalysis, and photovoltaics.

6.1. Solid State Lighting

White light emitting diodes comprising inorganic phosphors
have been touted as the third generation of solid state lighting
devices (Figure 20). When compared to traditional incandes-
cent and fluorescent lamps, the LED-based technology offers a
number of advantages, including high efliciency, low con-
sumption of energy, long operating lifetime, fast switching, and
low production cost. Notably, the phosphor is an indispensable
component of the white light emitting devices commercially
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Figure 20. Historical development of white-light emitting devices
since 1970.

available. By leveraging the electrical dipole allowed 4£-5d
optical transition, the associated optical features, such as high
absorption rate and fast emission time, have enabled the
development of Ce*'- and Eu**-based phosphors for apglication

. . s L - 246,366,367
as active components in white light emitting devices.

In 1995, Ce**-doped YAG phosphors were first developed to
generate white light emission by combing a LED-enabled blue
light with broad yellow emission from the Ce**-activated YAG
phospohrs.**® Such phosphors feature broadband emissions in
the visible spectral region (500—700 nm), efficient absorptions
for blue light (420—480 nm), high quantum efficiencies
(>90%), and high thermal quenching temperatures (~700
K), as well as fast decay rates (~63 ns). 88337399370 However,
the lack of red-emitting component of YAG phosphors in the
visible leads to a poor color rendering index (CRI = 70—80)
and a high correlated color temperature (CCT = 7750 K),
making them unsuitable for illumination-grade lighting. By
codoping of Mg*" and Si** ions, the emission maximum of
YAG:Ce® phosphors can be shifted to around 600 nm,
allowing a warm white emission with higher CRI values to be
realized.*”"*”* In addition, red-emitting components with peaks
located in the range from 590 to 660 nm were observed in
nitride-based phosphors, such as (Ba,Sr),SisNg:Eu*" and
(Ca,Sr)SiAIN,:Eu?*, which also find a%)lications for illumina-
tion-grade white light emitting diodes.”*>*”* %"

For those red-emitting phosphors featuring broadband
emission, a considerable portion of light is typically emitted
beyond 650 nm, which is insensitive to the naked eye.
Apparently, the broadband emission significantly limits the
overall efficiency of the illuminating device. In 2010, Xia et al.
investigated a series of sulfide-based red-emitting phosphors
such as SrS:Eu**, CaS:Eu*', and Ca,_,Sr,S:Eu®* with narrow-
band emission (fwhm: ~ 70 nm).”’® Unfortunately, these
phosphors exhibit a strong concentration and thermal
quenching behavior, have limited stability against moisture,
and require a toxic gas during the synthesis.

Very recently, Schnick and co-workers discovered a new type
of red-emitting phosphor in the form of Sr[LiA;N,]:Eu*,
which has an emission peak centered at 650 nm with a fwhm of
50 nm."” The quantum efficiency of phosphor can be retained
above 95% even under heating at a temperature of 200 °C.
Compared to commercially available white LEDs without the
phosphors, the phosphor-embedded equivalents show an
increased luminous efficacy by 14%, combined with an excellent
CRI. Nonetheless, it is important to stress that red-emitting
phosphors eligible for high luminous white LEDs are still very
rare due to the strong demand on the brightness of these
phosphors. This is because the eye has a varying sensitivity over
the visual spectrum, being relatively insensitive to red light
emitted under low light conditions.

UV-emitting LEDs can also be used to generate white light
by exciting a mixture of blue, green-yellow, and orange-red
emitting phosphors.””’~**" Apart from the multicomponent
approach, the method involving single-component white-
emitting phosphors has recently attracted much attention as
they enable one to achieve high luminous efficiencies and
excellent color rendering indices.”"***™**> When selecting
different excitation sources, one must take into account the
difference in performance criteria required for the phosphors
under investigation.

It is worth noting that a lanthanide-doped phosphor not only
can participate as an active component in illumination-grade
lighting but also can serve as a spectral converter attractive for
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use in horticulture and photovoltaics. For example, high-
efficiency (Ba,Sr);MgSi,Og:Eu**,Mn*" phosphors have been
synthesized and used for promoting photosynthesis in living
organisms.’**"** These phosphors feature a dual-peak
emission centered at 660 and 430 nm, both of which are
suitable for triggering photosynthetic reactions. Note that these
phosphors, prepared either in particle, thin film, or bulk forms,
could be excited by sunlight or many types of LEDs.

Given the ability to absorb light exposure in a broad
wavelength range, Ce*, Eu**, and Yb** ions are usually used as
sensitizers in photoconverting systems to offset the mismatch
between the solar emission and the absorption window of Si
solar cells.*”® Typical sensitizer—activator pairs are Ce>*—Yb*",

u2+_Yb3+ Yb2+ Yb3+ and Ce3+—Pr3+, and Eu2+ Pr3+ 391— 396
Despite the enticing prospects of the approach, we have faced
the problem of limited external quantum efficiency associated
with the phosphor convertors in practical applications.
Scientists have been working hard to come up with a solution,
and one of the results is the coupling of plasmonic
resonance.””’

6.2. Scintillation

Scintillation is a special type of photoluminescence for which
minute flashes of light are generated by certain materials when
exposed to ionizing radiation. These materials are known as
scintillators and able to convert high-energy X-rays or gamma-
rays (typically from KeV to GeV) into photons in the UV—
visible range. A scintillator detector usually consists of an
electronic light sensor that converts the light emitted by the
scintillator into an electrical pulse via the photoelectric effect.
The quality of the scintillator material is important as it affects
both the efficiency and the resolution of the detector. Research
on scintillators could be traced back to 1895 when Wilhelm
Roentgen discovered the possibility of using electromagnetic
radiation to create X-rays.””® It was subsequently recognized
that CaWO,- and ZnS-based powders could be introduced as
scintillators for X-ray detection.”” In the late 1940’s, Nal: Tl
and CsL:TI in the form of single crystals were first put in place
as scintillators, followed by the advent of oxide-based CAWO,
and Bi,Ge;0,, scintillators for versatile applications in the field
of high-energy physics.*?"~**

As summarized in Figure 21, lanthanide-doped inorganic
crystals have become prevalent for use in scintillation purposes
since the 1980’s. Current investigations are focused on Ce¥,
Pr¥, Nd*, and Eu®* with dipole allowed 5d-4f optical
transitions, which enable a fast decay rate in favor of the

Lul,:Ce, LaCl,:Ce
RbGd,Br,:Ce, LUAIO,:Ce

BaF, (fast), YAIO,:Ce

Silicate glass:Ce, Lil:Eu

Srl,:Eu, LUAG:Pr

LuAIO,:Ce, Lu,SiO,:Ce
PbWO,, CeF,

Bi,Ge,0,,, BaF, (slow), Csl:Na

3712

CdS In, ZnO: Ga CaF:Eu

Lil:Eu, Csl, CsF, Csl:TI
CdWO,, Nal:TI Timeline

Figure 21. Historical development of scintillating materials since 1950.

scintillation process.***™*"” There are several key criteria for
evaluating the scintillator’s performance such as luminescence
efficiency, light yield, energy resolution, response time, and
chemical stability."® The selection criteria for scintillators vary
slightly depending on different applications. For advanced
imaging and thermoluminescence dosimetry, for example, Ce*'-
and Pr’*-activated scintillators with fast decay time (10—60 ns)
and high quantum yield are often chosen because their fast
response and high light yield dominate the overall performance
of the systems."”® """ For positron emission tomography,
Lu,SiO;:Ce’" scintillators are selected due to their relatively
high light yield (~30000 ph/MeV), fast decay time (40 ns),
large effective atomic number (66), and high materials density
(7.4 g/cm®).*"'=** To suit the need of time-of-flight positron
emission tomography, one may consider LaBr;:Ce®" scintilla-
tors as they show a ultrashort decay time (16 ns), an excellent
energy resolution (3% at 662 keV) and a high light yield
(61000 ph/MeV).*"> However, LaBry:Ce®* scintillators are not
quite suitable for advanced application in radio astronomy
detection because the radioactivity of one Ianthanum isotope
("*La) can interfere with the detection process.” © A better
candidate would be CeBr; crystals having intrinsic radioactivity
1 order of magnitude lower than its LaBr, counterpart.*'”

Although the decay rate of Eu*" is 1 order of magnitude
slower than that of Ce®" emitter, the high light yield and energy
resolution characteristics of the former stimulate the application
of Eu**-based scintillators for security checking with a tolerance
of scintillation response time up to few microseconds.”'**'” At
present, the most studied Eu**-related scintillating materials are
StL,:Eu*" crystals, which have very high light yields in the range
of 80000—120000 ph/MeV and energy resolutions between
2.6—3.7% under 662 keV. The main drawbacks of these
materials are the risk of high reabsorption and low resistance
against moisture.””’ The subsequently developed Eu**-doped
ternary crystals such as CsBa,l; and Cs(SrBa)l; show better
resistance to moisture, while keeping a very good energy
resolution of 3.9% and a high light yield around 80000 ph/
MeV.*!

By codoping Ga** ions into Lu;AliO,,:Pr’* scintillators, the
scintillation response can be substantially accelerated.*”* The
codoping strategy through the use of Gd** and Ga’' ions to
modify Lu;AliO4,:Ce** and Y;Al;0,:Ce** scintillators can lead
to increased l§ht yield up to 40000 and 44000 ph/MeV,
respectively.”>*** Moreover, divalent cations such as Ca*" and
Mg**, once infused in Lu,SiO;:Ce’*, Gd;Ga;Al0,,:Ce*" and
LuAl,O,,:Ce®" lattices, are found to be effective in eliminating
the afterglow of the scintillators. This improvement can
dramatically enhance the strength of the signals in biomedical
imaging.***~** For research work concerning how to optimize
the characteristics of scintillators through composition
manipulation, the reader is referred to the literature for details
of the optimization,'#*0%*#1%430

6.3. Persistent Luminescence

Upon stimulation either thermally, optically, or mechanically,
persistent phosphors are able to glow light in the dark lasting
from minutes to days. The phenomenon of persistent
luminescence discovered from ancient luminous pearls, also
known as luminous jades, is fascinating as they show afterglow
activity long after the excitation has ended. The mechanism
underlying this phenomenon is not fully understood. It was not
until the beginning of the 17th century that the researchers
realized barium sulfide containing impurities as the origin of
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persistent luminescence in luminous jades. In the mid-1990s,
the use of lanthanide-activated persistent phosphors began to
dominate the consumer market, including display, safety
signage, and decoration. These materials are much safer than
ZnS-based products. The lanthanide-doped phosphors also
exhibit high luminescence intensity and long-lasting activity, as
exemplified by Matsuzawa et al. in the cases of blue-emitting
CaAl,0,:Eu**Nd*" and green-emitting SrAl,0,:Eu**,Dy*"
phosphors.*® Findings from this study suggest that the
prolonged emission lifetime is likely to be governed by the
slow liberation of trapped charged carriers.

Depending on the mode of charge trapping and release, the
prospect of long persistent phosphors can be harnessed for
temperature or stress sensing, biological imaging, and detection
of high-energy rays. For instance, Ricci and co-workers found
that synthetic (Lu,Y),SiO;:Ce®" phosphors display optically
stimulated luminescence with signal strength comparable to the
commercial ones.*”’ In 2015, Chiriu et al. systematically
investigated (Lu,Y)AlO;:Ce** phosphors comprising multilevel
traps for charge carriers. They demonstrated the feasibility of
controlling and engineering such carrier traps in rare-earth
aluminum perovskites for optical memory storage.”’” On a
separate note, Liu et al. reported that codoping significantly
enhances the photosensitivity of Sr;SiOs:Eu**,Tm*" phosphors
to near-infrared light through various mechanisms.”*> A low
threshold power density (~54 4W/cm?) was required for the
generation of persistent luminescence. Remarkably, the light
storage time was extended beyond 10 days. By harnessing the
effect of mechanoluminescence in SrAl,O,:Eu’*-based phos-
phors, prototype devices could be fabricated to monitor the
stress distribution of buildings and large structures, potentially
providing early warning of impending earthquakes.*****

More recently, lanthanide-activated persistent phosphors
with near-infrared emission have been implemented for in
vivo imaging applications.***"*** For example, using a small
amount of silica-modified SrMgSi,O4:Eu**,Dy’* phosphors, Li
et al. discovered that the afterglow signal could be detected in a
living mouse even 1 h after peritoneal injection of the
phosphors.”” In a parallel study, Yan et al. demonstrated
that by conjugating with a-fetoprotein-antibody-decorated gold
nanoparticles, hardystonite-based phosphors with a formula of
(Ca,Mg),ZnSi,0,:Eu**,Dy** can be engineered as a highly
selective photoluminescent probe toward a-fetoprotein.*** By
its very long-lasting nature, it means that this afterglow probe
enables imaging without external illumination and thus
provides significantly enhanced signal-to-noise ratio for bio-
logical detection.

Persistent luminescence plays a role that may turn out to be
vital to the developing field of photocatalysis and photovoltaics.
The expanding interest in these domains is largely stimulated
by economical and ecological advantages of using solar light as
an abundant source of energy.***~**® The Wang group
synthesized CaAlLO,:Eu*" Nd**@TiO, composite phosphors
by a sol—gel method and validated their suitability for the
degradation of nitrogen monoxide gas.**’ This studies also
support the idea that the phosphors can amass a considerable
amount of the UV or visible light to be used for triggering
photocatalytic reactions in the dark. Though the underpinning
of photovoltaics through the use of persistent phosphors was
not fully examined, SrAlL,O,:Eu**,Dy’* phosphors have been
reported for effective energy harvesting to drive silicon solar
cells in the dark, with a maximal increase of 4.6% in conversion
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efficiency under one sun illumination relative to the one with
pure glass.***

7. BROADER IMPLICATIONS AND OUTLOOK

Lanthanide-activated phosphors have a range of optical
properties that scientists are investigating, driven by both
curiosity and new opportunities for developing a multitude of
technologies across a wide spectral range. Theoretical modeling
of these materials is crucial, as it leads to improved mechanistic
understanding and provides experimentalists with a blueprint to
design and make new optical systems and devices that have
characteristics easily tailorable for specialized applications. In
this review, we summarize some of the latest synthetic
developments, particularly for phosphors featuring 4{-5d optical
transitions, and the emerging computational approaches that
combine phenomenological theories with quantum mechanical
calculations for accurate prediction of luminescence properties.
Although a particular emphasis is placed on Ce**- and Eu*'-
activated phosphors, we believe that these theoretical
approaches should be readily expandable to other lanthanide-
doped systems with the characteristics of 4f-5d optical
transitions. We also examine a specific set of parameters
employed to design customized high performance phosphors
and how they result in considerable difference in the optical
properties. These include Debye temperature, dielectric
constant, coordination environment around the luminescent
center, and accurate energies of 4f and 5d levels, as well as the
parameter associated with the relative position of 4f and Sd
levels to the host’s valence and conduction bands.

In addition to the general guidelines described above, there
may be specific requirements that need to be satisfied. For
example, in the context of a fast scintillation process, the cross-
luminescence induced by radiative electronic transitions from
the mainly anion-related valence band to the outermost cation
core band must be taken into account.’*” This cross-
luminescence phenomenon along with the general criteria for
rational design of luminescent materials can be predicted
surprisingly well using HF- and DFT-based quantum
calculations. Impressive progress has been made using HF as
a basis when calculating the excited state energy of phosphors
and constructing their absorption and emission spectra.
Unfortunately, the HF method is unsuitable to handle systems
with dopant-induced lattice distortion. It also has trouble
describing the position of the energy levels of the dopant ions
relative to the valence and conduction bands of the host
material. The main advantage of DFT-based methods is that
they are applicable to calculations of ground state character-
istics of perfect or even defective solids comprising many
interacting atoms. Consequently, DFT can establish an exact
energy-band landscape of doped systems. Despite its ubiquity,
DFT has some serious shortcomings as we progress toward
realistic luminescent systems. This is particularly the case for
the calculation of doped systems that involve electron—hole
interactions. DFT simulations are thus unable to be used to
study the optical properties of solids at the excited states. As
this review helps illustrate, an effective solution is to combine
the strengths of both HF and DFT methods, providing
chemists with a platform that enables optical transition
approximation while simultaneously allowing atomic structures
to be predicted with high accuracy.

Recently, tremendous interest has been devoted to the
development of novel optical nanomaterials through lanthanide
doping because of its exquisite control over the characteristics
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of optical emissions at single particle levels.”*”**" It should be
noted that the parameters implemented for phosphor design
under current study are all tested on bulk structures. For that
reason, it remains questionable whether the general criteria
considered thus far hold true at the nanoscale. For nano-
phosphors comprising large surface areas or high densities of
interfacial boundaries, the coordination polyhedron of a doped
emitter is usually more distorted than that present in the bulk
lattice.”>*>* The surface ligands typically introduced during the
crystal growth process can add more complexity to the
situation.*>***~%% Nonetheless, the subtle details on lumines-
cence properties of nanophosphors and the corresponding bulk
materials could be elucidated by taking advantages of HF- and
DFT-based modeling. The combined computational approach
also provides a powerful tool that may allow additional
parameters acting on the surface effect to be extracted. Beyond
facilitating high-throughput materials design, the applications
exemplified and the strategies outlined in this review are
expected to stimulate the search for a whole new set of
phosphors for fundamental studies and potential applications in
a wide range of fields.
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