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Our society is indebted to the numerous inventors and scientists who helped bring about the incredible
technological advances in modern society that we all take for granted. The importance of knowing the
history of these inventions is often underestimated, although our reliance on technology is escalating.
Lanthanide luminescence has paved the way for many of these inventions, from lighting and displays to
medical advancements and telecommunications. Given the significant role of these materials in our daily
lives, knowingly or not, their past and present applications are reviewed. A majority of the discussion is
devoted to pointing out the benefits of using lanthanides over other luminescent species. We aimed to
give a short outlook outlines promising directions for the development of the considered field. This
review aims to provide the reader enough content to further appreciate the benefits that these
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1 Introduction

For a long time after their discovery, lanthanides did not
initially find a suitable application, despite their far-reaching
technological use in our quotidian.™ The first real barrier to
any practical use of such elements was their similar ionic radii
in their most common trivalent form. Their similar sizes
impacted each step of their discovery process, even during the
initial attempts to simply identify the whole lanthanide series
upon their extraction from minerals like gadolinite, first
discovered in the 1790s. Due to the similarities between these
elements, some of their mixtures were initially confused for
a single new element. It took almost two centuries of research to
finally confer these elements their rightful place on the periodic
table.

Their reputation as rare earths is also somewhat misleading.
Most of the lanthanides are indeed among the least abundant
metals on Earth, but they are all more abundant than gold.?
Moreover, the presence of some of the lanthanides in minerals
is far from scarce, such as cerium, neodymium and lanthanum.
Cerium is almost as abundant as zinc, which is considered
a relatively abundant element. The label “rare” confers a sense
of preciousness to the lanthanides, which is well represented by
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their relatively high cost compared to other elements of similar
abundance. Because lanthanides are not concentrated in
a single ore, their extraction is difficult, resulting in supply
chain disruptions in past decades.® These factors, more than
their relative abundance, brought about a sense of uncertainty
in the industries relying on them. This uncertainty, in combi-
nation with their relatively high cost, resulted in industries
seeking out alternative elements.

Financial factors have a significant impact on the commer-
cialization of a novel technology. From a cost-benefit aspect, the
inclusion of lanthanides into otherwise affordable and func-
tioning technologies might not represent an advisable route to
improving them. For example, cost-benefit concerns for using
lanthanides are probably not a significant issue for a billion-
dollar aerospace mission, while the benefits achieved by
a lanthanide-based photocatalyst in wastewater treatments may
not be enough to counterbalance the cost of the proposed
purification system. This review focuses on applications in
which the technologies benefitting from lanthanide lumines-
cence reached widespread commercial use.

Despite their drawbacks, lanthanides are part of multiple
inventions which have become essential in modern society.” ™
More common applications of the pure lanthanide metals are in
metallurgy, ceramics, and catalysis, while the magnetic and
optical properties of the di-, tri- and tetravalent ions are
exploited in various industries. The versatility of lanthanide-
based luminescent materials in terms of the possible excita-
tion sources and luminescence wavelengths, lifetimes and band
characteristics explains the reasons behind their broad use in
many fields that rely on light.”>** Extensive reviews about the
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luminescence mechanisms of lanthanide ions in different
oxidation states can be found elsewhere.”*

Importantly, the reported technologies are in actual use or,
at minimum, their use in patented prototypes has already been
demonstrated. Although there are many prospective new tech-
nologies reported in the academic literature that may one day
become staples in future society, the aim of this review is to
outline the advancements that have made our current
lanthanide-based  technologies  possible. = Nevertheless,
prospective promising applications are provided for each
section. Finally, we provide in-depth descriptions only of tech-
nologies relevant to modern times, with the ambition to inspire
the future of the field by providing the most successful exam-
ples of our era.

2 Lanthanides in lighting and displays

2.1 Early uses of phosphors: incandescence, fluorescence
and cathodoluminescence

The beginning of the modern era is often thought to coincide
with the advent of artificial, or electric, illumination in the 19th
century. The creation of the first light bulb was developed by
Joseph Wilson Swan, and improved upon by the likes of Edison,
Thompson, and Tesla among others.*® The electric arc light was
also introduced around this time."”

Simultaneously, there were other types of electrical lighting
being explored, as the efficiency of the incandescent lamp is
limited by its own resistive nature: incandescence occurs by
thermal conversion of electricity caused by the resistance of the
material. Thus, much of the energy is dissipated as heat rather
than light. Electrical lighting based on gas-discharge was first
observed during the 17th century and was continually studied
and improved upon because of its higher efficiency than
incandescence.'® Moreover, the invention of the discharge lamp
resulted in less dissipative and more efficient light conversion,
at the initial disadvantage of producing light at hues not suit-
able for indoor illumination." For example, mercury lamps give
off a strong blue-green light, along with UV light. In order to
further their commercialization, it was necessary to first correct
the emission chromaticity by the use of luminescent materials,
known as phosphors (Fig. 1). To achieve this, the blue-green
emissions of mercury lamps were combined with red phos-
phors to achieve white light by means of exciting the red
phosphors with the residual UV emissions from mercury.”
Thus, the fluorescent lamp was born, consisting of a lamp made
by combining a UV-emissive metal (typically mercury vapor),
a noble gas (argon at first) to generate current through, and
a visible-luminescent phosphor. The first versions were
patented by Edmund Germer in 1927, who later licensed his
invention to the General Electric Company.”® The possibility to
harness the UV emissions from gas discharge lamps and further
convert them to visible emissions has kept these types of lamps
in widespread use, even after the commercialization of more
efficient technologies, like light-emitting diodes (LEDs). It is in
the search for efficient and appropriate lighting that
lanthanide-based phosphors became an important part of
fluorescent lighting technologies.
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Similarly, conversion to visible light is required when using
a cathode-ray tube (CRT).*" In a CRT, an electron gun generates
a flow of charges, which can be deviated by the use of magnetic
fields to hit a specific target on a screen. Such technology was
mainly exploited in the production of televisions and instru-
ments for the determination of wave behaviour, e.g. the oscil-
loscope. The conversion of the electron beam into luminescent
signal on the screen must be achieved by the use of materials
capable of generating charge carriers whose recombination
provides luminescence, like in the LEDs described in Section
2.3. Lanthanide-based phosphors were particularly instru-
mental in bringing about CRT display technologies, especially
in colour. Cathodoluminescence involves the transformation of
electrons with high energy to light.*

Although the application of the phosphors in fluorescent
lamps and CRT take advantage of different luminescence
phenomena, the choice of the lanthanide phosphors is similar
among all the different applications. The first commercial
lanthanide-based phosphor was YVO,:Eu®", introduced in 1965
by General Telephone & Electronics laboratories, for the
purpose of using it in CRT-based colour television.*” The 1960s
have been referred to as the “golden age” of lanthanide phos-
phors, as most of the commercial ones were discovered during
that time.” The production of lanthanide-based phosphors has
not changed significantly over time, both because of the relative
recency of their commercialization, and also because of the
recent efforts to replace such phosphors with ones that are less
affected by supply chain issues. When these technologies were
proposed, lanthanides were still easily and reliably obtained.

The lanthanides played an undeniable role in producing
CRT colour displays using a triphopshor system.** In this
technology, the lanthanides brought about a high degree of
colour purity, essential for producing realistic images. Briefly,
in such an invention, a combination of three separate blue,
green, and red phosphors are used in tandem to allow for
a better colour rendering by taking into account the trichro-
matic perception of the human eye. The red-green-blue prin-
ciple is still applied in the most recent display technologies.

Lanthanide phosphors can be made from a variety of
different host materials.>**** The majority of blue light phos-
phors are based on the emissions from Eu** in several host
materials, such as aluminates and chloroapatites. Green phos-
phors rely on the emissions from Tb** in oxysulfides and
garnets, while red phosphors are commonly Eu**-doped oxides,
phosphates, aluminates, oxi-chalcogenides, borates and
sulfates. The phosphor set known as P22 was perhaps the most
widely used tricolour set in commercial CRT monitors, where
Y,0,S:Eu’" represented the red component of the set.**** In the
decades since their introduction, CRT displays currently occupy
a niche market, owing to the relative bulkiness of such devices.
Notably, Thomas Electronics currently produces CRT displays
and specify YAG:Tb**, better known as P53, as their default
phosphor.** Since the eyes are well-adapted to detecting green
light, monochromatic displays often use simple green phos-
phors for such a purpose. Most of their CRTs are developed for
avionics and marine radar use.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and Tb**-doped phosphors as

a function of colour temperature and purity. The inset shows a white light phosphor under UV excitation at 254 nm. (b) The range of emission
colours achieved by doping B-YBiBsOg with different amounts of Tb>* (top) and Eu®* (bottom) under 254, 310 and 365 nm UV wavelengths.

Reproduced with permission from ref. 29.

2.2 Lanthanides in light-emitting diodes (LEDs)

Light-emitting devices are all based on the principle of electrical
pumping into semiconductor materials, with conversion of
electric energy into luminescence.**** Charge carriers can
recombine as an excitonic emission, or via luminescent centers,
which can be intrinsic to the semiconductor material or added
as a dopant in the emissive layer; lanthanides have been used as
dopants for this purpose.®>*° The first blue LED was patented in
1973, based on GaN.*” Today, the blue light from LEDs is mostly
based on InGaN, which is in widespread use. This is what gives
rise to the predominant blue emissions in modern colour
displays. Rather than developing LEDs with intrinsic emissions
of different colours, research has been devoted to finding ways
to alter blue LEDs to emit other colours simultaneously,
generating white light. The use of luminescent centers capable
of such a conversion is the reason for the massive use of
lanthanides in modern displays and LED lighting.

Lanthanides are used in LEDs either by doping the semi-
conductor active layer to transform its emission wavelength, or
by coating the layers with lanthanide-based phosphors that are
capable of absorbing the light emitted by the chosen LED and
emitting a desirable visible wavelength.*>*¢ The latter strategy
was predominately used for the development of white light
LEDs, which currently relies on lanthanide phosphors to ach-
ieve a range of white light colour temperatures.*

LEDs produced by direct doping of the semiconductors take
advantage of the sharp emission lines of Eu®*' and Tb*" to

© 2023 The Author(s). Published by the Royal Society of Chemistry

achieve colour purity, or the broadband emissions from Eu**
and Ce*' to obtain white emissions.**** More commonly,
phosphors are coated on top of the LEDs, avoiding direct
contact with the active layer. In such a system, the phosphor
simply re-absorbs the emitted light, which reduces the loss of
the intrinsic emission from the semiconductor material.
However, the spatial separation between the emitting semi-
conductor material and the lanthanide phosphor results in
a lower absorption efficiency, dictated by the limited extinction
coefficients of the lanthanide ions. If the two were in closer
proximity, such limitations could be overcome by non-radiative
energy transfer among the semiconductor and lanthanide ions,
but it would change the semiconductor bandgap, leading to
a less efficient intrinsic emission from the LED. Coating is
consequently favored over co-doping.

Ce**-based phosphors present mainly green-yellow emis-
sions, when singly-doped in aluminium garnets, aluminates,
silicates and silico-nitrides.**** Nitrides,* sulfides,* oxy-
nitrides* singly doped with Eu*" exhibit blue-green emissions
depending on the chosen host. Ce** and Eu*" co-doped silico-
nitrides directly allow for the achievement of white light by
combining blue light and these broadband emitters in multiple
lumiphore layers.** The proposed structure allows for the
interactions between successive layers, with the possibility to
change the obtained colour chromaticity by varying the layer
thicknesses.

RSC Adv, 2023, 13,17787-17811 | 17789
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The most efficient LEDs on the market are all based on
lanthanide luminophores. Both Creed Inc and Philips reported
LED efficiencies higher than 200 Im W™ " by the use of the very
same technology described herein.®® With respect to the
common layering approach of different phosphors, Philips took
a different approach to obtain its most efficient LED.* Using the
light from InGaN, the blue emission is converted to green light
by a luminophore containing Eu”" and Ce*". Separately, a red
LED is stacked, to achieve the final white emission with ultra-
high intensity. The proposed architecture differs significantly
from the others, which reported layering luminophores rather
than alternating LED and luminophore layers. Such a successful
case might move the industry in combining multiple point
sources rather than using individual luminophores, which are
still crucial for the LED industry.

With regard to displays, the Eu’"-based red LEDs have
become prominent. Even with the advent of liquid crystal
displays (LCDs), incorporated lanthanide phosphors were still
based on the same materials previously in development, with
particular interest in vanadates and oxysulfides.*® The further
development of display technology is currently pointing
towards organic materials, which results in the tendency to
dismiss inorganic-based lumiphores for LED displays.

Despite these advancements, lanthanide luminescence is
hindered by their intrinsic low absorption cross-sections.
Current research is being carried out towards improving this
by taking advantage of the antenna effect, through the use of
ligands capable of absorbing the LED light and transferring it to

the lanthanide luminescent center.*”*8

2.3 Future perspectives on lighting and phosphors

Hybrid organic-LEDs (OLEDs) based on lanthanides are surely
interesting materials for applications in lighting and
displays.*~** The OLEDs have almost completely replaced LEDs,
due to their higher performance in terms of resolution and
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colour rendering. Considering the strong electroluminescence
efficiency of many lanthanide complexes, it seems counterin-
tuitive that the OLED industries do not yet employ lanthanide-
OLEDs in their current products on the market.>** Likely, this
is due to supply chain insecurities, though this may be reme-
died in the future as more lanthanide mining operations
become active worldwide.® Regardless, lanthanides are uniquely
able to achieve high colour purities due to their energy level
structure, while obtaining high quantum efficiencies of the
photon conversion process. These particularities are unique to
the lanthanide series, which renders an auspicious future for
the development of this sector.

3 Light amplification by the
stimulated emission of radiation
(LASER)

Trivalent lanthanides have constituted the luminescent center
in the gain medium of many solid-state lasers. Introduced in
1962, the third laser produced was based on Nd** ions.>* The
development and applications of lasers, both on Earth and in
space, are continuously booming, with a widespread involve-
ment of the lanthanide ions in these technologies. The use of
non-linear optics, different hosts, and activators produced
a plethora of available laser technologies, with emissions
ranging from the VUV to the NIR.>**”

Independently of the pumping source, whether electrical or
photonic in nature, the functioning of a laser requires the
excitation of the activator in the gain medium, which can either
relax radiatively via spontaneous or stimulated emission.*”®
Stimulated emissions require a photon of the pumping source
to interact with photons in an excited state to obtain an emis-
sion, coherent with the pumping source. Both spontaneous and
stimulated emissions can occur in an activator, and the prob-
ability of obtaining the required stimulated emission increases
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(A) Original schematic of the Nd:YAG laser in the 1964 patent filed by Geusic and Van Uitert. (B) Photograph of the NeuroBlate® system by

Monteris, which uses a Nd:YAG laser at 1064 nm for stereotactic laser ablation in neurosurgery. (C) Graphical depiction of the various ways
infrared lasers are used in LIDAR and free space optical communication. Figures reprinted from ref. 55 and 82 with appropriate permissions.
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with the lasing wavelength.*® Thus, lanthanides with emissions
in the NIR represent the most efficient activators for lasers, with
Nd*'-doped yttrium aluminum garnet (Nd:YAG) being one of
the most commonly used lasers since its invention in 1964 by
Joseph Geusic and LeGrand Van Uitert at Bell Telephone
Laboratories.®® As shown in Fig. 2, the Nd:YAG laser has a main
emission at 1064 nm, but is also used in its frequency doubled,
tripled and quadrupled forms at 532, 355 and 266 nm,
respectively.

The advancements of laser technologies resulted in short-
ening of the pulse times to the femtosecond range. The super-
position of the waves from the pumping laser and the activator
emission during lasing determines the laser pulse width. A
perfect superposition of the two waves corresponds to contin-
uous conditions, while inversion of the population in a single
shorter pulse can be obtained by allowing the build-up of the
energy (Q-switching), by the interferences of multiple laser
modes (mode locking), by external pumping with a shorter
pulse width or by miniaturization of the laser cavity through the
use of diodes or optical fibers.*~*® These last two approaches are
particularly interesting in view of the opportunity to release
high power densities in an ultrafast time span. Nd:YAG lasers
are still the most commonly encountered lasers in laboratories
worldwide, particularly for their use in spectroscopy. Despite
being one of the earliest lasers ever produced, the innovations
discussed below promoted further applications than the simple
spectroscopic analyses of luminescent materials. Shorter pulses
can be achieved in Q-switching mode with the confinement of
the cavity offered by the use of fibers or a pumping diode.

The obtained enhanced power and smaller size of the
devices are particularly interesting with respect to one of the
most common uses for lasers in industry: material ablation.
With respect to large-scale ablation, the CO, lasers are most
appropriate. However, the Nd*" and Yb*"-based lasers have
recently received attentions in view of the possibility of using
ultrafast lasers, which have been successfully applied to abla-
tion in the micron and nano scale, applied in several industrial
production sectors.**7°

3.1 Lasers in surgical procedures

Further opportunities in the medical surgical sector exploit the
short pulses as a means of avoiding prolonged invasive treat-
ments by the administration of high-power densities in short,
single pulses. Laser ablation is one of the most important
surgical advances, taking advantage of a variety of lasers
ranging from the UV to NIR. Lasers for ophthalmic surgeries for
cataracts were first patented in 1984, and relied on the emis-
sions from nanosecond pulsed Nd:YAG lasers at 1064 nm.”
Since then, femtosecond lasers based on Yb*" have dominated
the market for ophthalmic surgeries, as the faster pulses further
tissue damage, at a similar wavelength of
1030 nm.”*”® Skin ablation for possible treatment of epithelial
anomalies can also take advantage of Nd** and Er®* NIR lasers
at 1064 nm and 2.94 um, respectively.”**' The laser irradiation
can treat relatively deep tissues, by eliminating the problematic
cells, such as in tumor removal (Fig. 2B).*> The same medical

minimize
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approach can be applied to different body areas, as long as the
penetration depth of the intervention allows the laser to reach
it. Additionally, cosmetic surgeries also exploit laser treatments
for ameliorating the appearance of bodily imperfections. Tattoo
removal can be achieved through pulsed laser irradiating the
area, showing particularly better results when the area is treated
with shorter pulses. Notably, the different tattoo pigments are
cleared by different laser wavelengths. In this respect, the
frequency-doubled 532 nm emission from the Nd:YAG laser has
been essential for removing red pigments, while the 1064 nm
emission is used for blue and black pigment removal.®>®*
Cellulite, aging and scarring are other problems that these
approaches are trying to improve, mostly by inducing minor
damage to the skin to obtain a boosted production of collagen,
which can help with each of these problems; Nd and Er:YAG
lasers are primarily used for this purpose in a similar fashion to
skin ablation discussed above.**¢® Other aesthetic laser proce-
dures are also available, such as aesthetic dentistry, ablation or
hair laser removal.*”*®

3.2 Free space optical communication

Free space optical (FSO) communication also exploits lantha-
nides for signaling within servers on Earth, or single and bi-
directional communication from space. Wireless communica-
tions have enabled a global societal connection and facilitated
space exploration. To achieve communication of information in
free space, NIR laser diodes have been employed in the past,
with the aim to transmit an optical signal among relatively close
servers.*® Although this technology has been replaced by fiber-
coupled systems which guarantee a lower dissipation of the
emitted light by amplification of the signal, as presented in
Section 6, the reported example resulted in significant impli-
cations for achieving communication in space.

The advent of laser communication from space began from
a simple experiment: the light from an argon laser sent from
Earth was detected on the Moon.* Following this achievement,
satellites and Earth bases were equipped with communication
systems including lasers, which were devoted to wireless, free-
space data transmission. Notably, the 1550 nm emission band
from Er*" is useful for optical communication between bases on
earth, but is not ideal for communication to space due to
meteorological intereferences.”® With respect to deep space
communication, however, the 1064 nm emission from Nd:YAG
lasers have been used for communication between NASA
terrestrial bases and spacecrafts orbiting Mercury and Mars.*>**
Surprisingly for the time, the emission from the laser was
detected at 24000000 km from the source, proving that
lanthanide NIR lasers could be used for communication in deep
space.”* Bidirectional communication was first established
using Nd**-doped lasers for communication, and signals were
amplified using Er**-doped fibers at 1550 nm (see Section 6).°>¢

Since these first missions, a plethora of satellites equipped
with lasers have been sent to space. New challenges arose due to
the need to move from near-Earth systems to technologies
allowing deep-space communication, which requires high-

power lasers  designed to achieve long-distance
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transmissions.’” ' Moreover, the need for the transmission of
large amounts of data resulted in the requirement for the lasing
transmitting system to achieve a high signal rate. This
requirement in part facilitated the creation of high-power and
ultrafast laser facilities, like the Shanghai Superintense Ultra-
fast Laser Facility (SULF)."*~'** Similarly, scientists tried to
enhance the data transmission rate, which achieved 319 TB s™*
as of 2021 between earth transmission bases.'® Currently, the
fastest commercial laser data transmission rates from space are
in the GB s~ range, still employing Nd:YAG lasers.'*>'* Only
a few of the existing lanthanide-based lasers can fulfil the
requirements in terms of power and rate of the signal for space
communication, mostly based on previously proven technolo-
gies using the NIR emissions of Nd** and Yb*' in diode and
fiber lasers.

3.3 Light detection and ranging (LIDAR)

LIDAR takes advantage of laser coherence to determine the
topology and/or composition of an environment by measuring
the time-of-flight of the reflected signal.®* Although the first
laser to show promise for space communication was an argon
laser, successive missions to determine the topology of planets
like Mercury®* and Mars® used lanthanide-based laser altime-
ters based on LIDAR. The possibility to miniaturize lasers and
incorporate them into satellites permitted the opportunity to
bring analytical spectroscopic equipment to space. It became
possible to characterize the soil, water and atmospheric
compositions of Earth and other celestial objects via interac-
tions of the incident laser with matter through space
LIDAR.*7'% Most of the latest NASA missions using LIDAR
employ lanthanide based-lasers, namely Ho®* and Tm** co-
doped YLiF, (Ho,Tm:YLF) or Nd:YAG.'**** This powerful tool
became widely exploited in view of the possibility to monitor
atmospheric parameters of the Earth such as pollutant
concentrations, aerosol characteristics, wind analysis, and
many others, all from space. This achievement provides
a unique window for scientists to view the global situation in
terms of greenhouse gas emissions and climate change. The
pressing need to monitor the concentration of pollutants
involved in the perturbation of the photochemistry of the
atmosphere justified the necessity for space missions like the
recent MERLIN (Methane Remote Sensing LIDAR Mission),
which involved lanthanide lasers for methane detection."**

In summary, lanthanide-based lasers are ubiquitous, finding
uses in a wide variety of industries. As technological advance-
ments continue to be made, it is likely that they will continue to
be produced and developed, finding new and potentially unex-
plored avenues for application.

4 Lanthanides in applications
involving ionizing radiation
Radioluminescent materials emit light upon excitation with
ionizing radiation. Scintillation is a type of radioluminescence

characterized by fast luminescence decay times, on the order of
hundreds of ns or shorter.”” Scintillators have found
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widespread commercial use in detectors for medical imaging,
homeland security, radiation safety and high energy physics
experiments, among others. The desired properties of a scintil-
lator are largely dependent on the intended application, as such
it is well known that there is no single scintillating material that
is universally optimal. The main luminescence properties that
govern the choice of a scintillator are the emission wavelength,
light output (photons emitted per MeV of energy absorbed),
energy resolution, proportionality (linearity of emission with
absorbed energy), and decay time.****"”

Lanthanide-based scintillator materials are among the
highest-performing materials, with Ce®*, Tb**, Pr** and Eu*"**
in commercial use today (Fig. 3). The commercial success of
these lanthanides is attributed to four main properties: their
lightyields, emission wavelengths, energy resolution, and decay
times. Ce**-doped materials are used for their fast decay times,
due to the allowed nature of the 5d — 4f transition of Ce®",
which produces UV or visible light depending on the host
material. Unlike the 4f — 4f transitions widely used for
lanthanide luminescence, as described in the other sections of
this review, the nature of the 5d — 4f transitions of the
lanthanides is highly host dependent. For example, YAG:Ce®*
produces emissions at 532 nm, while LaBr;:Ce®* emits at
360 nm."*" The position of the lowest 5d state relative to the
conduction band shifts depending on the nature of the host, as
described by the centroid shift and red shift models.”*® The
position of the 5d state of Ce®", in turn, governs the emission
wavelength of the 5d — 4f transition, and consequently the
decay time, as the decay time is dependent on the third power of
the emission wavelength of this transition.”**** The lifetimes of
Ce®" materials are among the fastest of the lanthanides, typi-
cally 100 ns or less, and can be as fast as 15 ns in the case of
LaBr;:Ce’”, or as slow as 150 ns as in Cs,LiLaBrs:Ce*" (CLLBC),
which emits at 420 nm.*?*">* The 5d — 4f transitions of Pr** are
actually faster (<20 ns) than Ce®" in the same host due to the
shift of the 5d levels relative to the conduction band previously

Ce®, Eu?®, Pr¥*, Th*, Tm®*

LANTHANIDE BASED
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Fig. 3 Scintillators are commercially utilized in the form of crystalline
arrays, single crystals, and polycrystalline screens. The most prominent
lanthanide activators for such materials are Ce®*, Eu?*/**, Pr¥*, Tb®*
and Tm>*. The emissions from these activator ions can be classified by
fast decay times (in the ns to ps range) for the allowed 5d — 4f
transitions, or by slower decay times in the us to ms range from the
forbidden 4f — 4f transitions.
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discussed.'”"?2125 The lowest 5d state of Pr’* is 1.5 eV lower
relative to the lowest 5d level of Ce®" in the same host,
explaining the faster lifetime.****** Unfortunately, there are two
main disadvantages of the d — f emissions from Pr*" that have
precluded their widespread commercial use. First, a lower light
yield is typically obtained (two to three times lower than Ce*" in
the same host) due to de-excitation via a two-step process
involving excitation of the *P, state, which can also radiatively
decay (these emissions are used in radiography, as discussed
below)."*”*2¢1>” Second, the interconfigurational emissions
occur in the deep UV, which are not suitable for use with bial-
kali photomultiplier tubes (PMTs) and silicon detectors.*?*2512°
The 4f°5d — 4f” transition of Eu?" is also an allowed transition,
resulting in some of the highest light yields ever reported (120
000 photons per MeV for Srl,:Eu*") and an emission wavelength
of 435 nm. Despite the allowed nature of the 5d — 4f transition,
Eu®" compounds have relatively slow decay kinetics, around 1
us, due to self-reabsorption.*"”

Afterglow, which is most generally defined as an additional,
unwanted slow component to a decay time, is a major drawback
to many materials and can severely limit their application.'*®
While the primary decay time may be very fast, a secondary
afterglow decay can cause imaging artifacts and limit detection
speeds."7 13131 Afterglow is generally caused by the presence of
trapping states that are introduced alongside defects in the
crystalline material. In the case of materials that are inten-
tionally doped with an activator ion (as is the case in most
lanthanide-based scintillators), the introduction of these
defects is unavoidable. In some cases, however, one can take
advantage of the presence of trapping states, as has been done
for X-ray storage phosphors, which have also contributed to
medical imaging advancements, though they operate from very
different mechanisms than scintillators (see Section 4.3.1).

The forbidden 4f — 4f transitions of Pr**, Eu**, Tb*" and
Tm?*" have achieved widespread commercial use in several
medical imaging techniques, despite their relatively slow decay
times (hundreds of ps to ms).*3**3213 The *p, — *H, transition
of Pr*" is a spin-allowed transition (centered at 514 nm in
Gd,0,S:Pr*" (GOS:Pr)) with a decay time of 3 us, which is faster
than any of the 4f — 4f transitions from Eu®", Tb®>" or Tm?*.133
Notably, despite the forbidden nature of this transition, it has
a decay time that is close to that of the allowed inter-
configurational transition of Eu**, illustrating just how fast of
a decay time this is for a 4f — 4f transition. The red emission
from Eu®" at 610 nm from the °D, — ’F, transition is well suited
to silicon detectors, but it has a decay time on the order of ms.
Tb*" has predominately green emissions that are maximized at
545 nm from the °D, — ’F; transition, which also has decay
times on the order of ms."* The long decay times of Eu**" and
Tb** preclude their use from most applications of scintillators,
though they have played an important role in advancing
medical imaging, as will be discussed later.

Traditionally, single crystal scintillators are most often used.
Because of this, a major factor in the success of commercial
scintillator compositions is the ease, time and cost of growing
high-quality single crystals."'7****” More recently, poly-
crystalline powders and crystalline fibers have become more
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widespread as they are easier to synthesize and provide more
flexibility in the shape and geometry of the detector, as well as
the ability to generate small pixel arrays."”*%¢

4.1 National security

Scintillators are essential components of radiation detectors
manufactured for use in radiation monitoring, special nuclear
weapons detection and radioisotope identification, weapons
detection, illegal cargo detection, and other security
fields.'**>'*>'® Lanthanide-based scintillators are primarily used
in these fields for gamma ray spectroscopy, X-ray imaging and
computed tomography. In all of these cases, it is essential that
detection can be achieved rapidly and with high sensitivity to
ensure high-throughput inspection at airports and border
crossings, and to be able to detect small quantities of contra-
band. In these applications, high light yields, high pro-
portionality and minimal afterglow are desired.

4.1.1 Imaging-based inspection. Much like clinical X-ray
imaging, luggage and cargo inspection imaging has similar
requirements, but on a much larger scale. Thus, large-screen flat
panel displays made of polycrystalline ceramics like GOS:Tb**
are more cost effective and feasible than producing large single
crystal detector arrays." For industrial X-ray imaging, systems
from LINEV ADANI and Teledyne DALSA used in vehicle, cargo,
luggage and full-body scanning employ CsL:TI*" or GOS:Tb*" as
the scintillator component for high energy X-ray imaging.'*>'*
Since high-throughput inspection is of paramount importance in
screening of large amounts of cargo in a short period of time,
a lack of afterglow combined with a high light yield are consid-
ered essential to provide good contrast.**>***** Thus GOS:T-
b**(Eu**) is widely used and preferred in this respect, with a light
yield of 60 000 photons/MeV and no afterglow component.'*>***
Of course, the price of lanthanide-based detectors is higher,
which can become a prohibitive factor for the large detector
arrays needed for vehicle inspection, for example. In cases where
lower resolution can be tolerated, TI**-based scintillators provide
a cheaper alternative.

Computed tomography is also used to inspect cargo, vehicle
and luggage, since it allows for the imaging of low atomic
number materials such as textiles and plastics in addition to
high atomic number metallic components. The technological
requirements for non-medical CT-based detectors are similar to
what is needed in the medical imaging field, but the detectors
need to be larger to accommodate vehicles and cargo
containers, for example. Notably, complementary metal oxide
semiconductor (CMOS)-based detectors are now being offered
as an alternative to bialkali PMT and amorphous silicon
detectors, and are sensitive to the green emissions from Th>".14
GOS:Tbh*" screens have low afterglow and can be used repeat-
edly. Thus, when coupled to a CMOS sensor, they allow for high
frame-rate digital X-ray imaging with good spatial resolution.**
The Rad-icon product family from Teledyne DALSA advertise
their CMOS/GOS:Tb** based detectors for use in large-scale
computed tomography.”* The high frame rates make it
possible to inspect large quantities of cargo in a drive-through
manner, for example.
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4.1.2 Radiation detection and identification. Radiation
and radioisotope identification and detection (RIID) also relies
on the use of scintillator crystals. Energy resolution is
a measure of the ability of a scintillator to distinguish between
gamma rays of slightly different energy and is dependent on
the lightyield and proportionality (expected # photons emitted
as a function of energy absorbed) of the scintillator material.
These properties are essential in gamma spectroscopy to
rapidly and accurately identify gamma signatures of radioac-
tive materials, such as those of weapons-grade plutonium,
enriched uranium, or mixtures of materials.’?>13%142 Ce**-
doped crystals like LaBr;:Ce®" and CeBr; are among the most
widely used scintillators for this purpose and exhibit high light
yields (60 000 photons per MeV or higher), fast decay times
(<20 ns), and detect gamma rays with high energy resolution at
662 keV (<3%)."*"**>'%* Interestingly, lanthanum has its own
characteristic radioactivity, which results in a higher back-
ground signal. Since one of the main techniques in gamma
spectroscopy is pulse height discrimination, intrinsic radio-
activity can make it more difficult to differentiate between
peaks. Thus, CeBr; was developed as a background-free
alternative and is licensed to Hellma Materials for commer-
cial production. Both LaBr;:Ce** and CeBr; are used in
commercial radiation isotope identification devices manu-
factured by Berkeley Nucleonics Corp.** Ce*"-activated °Li-
doped glasses and elpasolite crystals have made it possible
to combine gamma and thermal neutron detection into
a single component. This became essential after the rapid
onset shortage of *He in 2008, as *He was the gold-standard in
thermal neutron detectors at the time."® Pulse-shape
discrimination is used to differentiate between neutrons and
gamma sources using scintillation from Ce®". Ce*'-doped
elpasolite crystals have higher light yields than their glass
counterparts and are better suited for smaller devices.*** The
first commercially-available personal RIID detectors for
gamma and neutron detection via a single material are based
on CLYC (Cs,LiYClg:Ce®") and were produced in 2014 by
ThermoScientific (RadEye+).'** Shortly thereafter, around
2017, companies like Saint-Gobain Crystals, CapeScint, Ber-
keley Nucleonics and RMD began commercially producing
and using CLLBC, which has a substantially higher light yield
than CLYC.>'*® Even more recently, Srl,:Eu>* has been
rediscovered as an option for use in radiation detection, owing
to its extremely high light yield (100 000 photons per MeV,
near its theoretical limit), blue emission at 435 nm that is well-
suited to detection by silicon photomultiplier (SiPM) detec-
tors, and extremely high energy resolution (2.6% at 662
keV)."”7**> The main drawback to the widespread use of
Srl,:Eu®” is its relatively slow decay time, which is an order of
magnitude slower than Ce**. Srl,:Eu®" was first investigated
for commercial use in the 1950s, but failed due to inadequate
crystal growth techniques.'”*** Today, synthetic technologies
have advanced, and CapeScint produces detectors such as the
RadSolver™ RIID using Stl,:Eu®’. It is expected that Eu®'-
based halide detectors like this will reach widespread use
alongside their Ce®" counterparts.''7:136:147,148
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4.2 Scintillators for well-logging

The oil and natural gas industries use gamma and neutron
detection methods in well-logging to identify potential reser-
voirs.** In this case, scintillators for gamma spectroscopy with
neutron detection capability are essential, but the scintillators
must also be compact and rugged to account for the harsh
vibrations and temperatures experienced in the small boreholes
used in logging.** For this reason, crystalline materials that are
prone to cracking or have luminescence that is strongly
temperature dependent cannot be used. Thus, options that are
useful for gamma spectroscopy in personal dosimeters or
stationary radiation monitoring systems may be eliminated
simply due to the environmental factors that affect perfor-
mance. In the 1980's, NaI(Tl) was the main option for logging in
boreholes,"™ but today, this is no longer the case, and
lanthanide-based scintillators, such as LaBrs;:Ce*" and Gd, g
Y,.,8i0:Ce*", are commonly employed.”™ The well-logging
industry also needed to transition from *He neutron detec-
tors, thus °Li-based materials doped with Ce*" and Eu** became
more common. Schlumberger Technology Corp currently holds
a patent™ on LiCAF:Eu®* for neutron detection in oilfield
applications, solidifying the idea that Eu** based scintillators
like StI,:Eu®" are strong alternatives for Ce** based materials. A
US patent on the methods for neutron imaging in boreholes
based on scintillation detectors was published in December
2022, suggesting lanthanide-based scintillator technologies are
a fundamental aspect of advancing the technologies used in the
oil industry.**

4.3 Medical imaging

4.3.1 X-ray radiography. Widespread clinical use of X-ray
radiography was achieved using a film/screen system, which
was used for decades. In the mid-1970s, the development of
lanthanide-based intensifying screens made from GOS:Tb**
and LaOBr:Tm*" made it possible to significantly reduce the
radiation doses necessary to produce an image using standard
CawoO, screens, which have a lower X-ray absorption cross-
section and a lower light yield."***** In fact, lanthanide-based
imaging screens allowed for a reduction in radiation exposure
by 60-70% for a variety of different anatomical regions, with
minimal differences in image quality, due to their high photon
conversion efficiencies. The green and blue emissions from
Tb*>" and Tm?®", respectively, were well-suited to generating
images on film, which is most sensitive to the blue-green
spectral region. However, in the 1980s, a transition from film-
screen radiography to digital imaging was inevitable.

Lanthanide-based X-ray storage phosphors were instru-
mental in the transition to digital X-ray radiography. The
development of computed radiography (CR) based on the use of
BaFX:Eu”* (X = Cl~, Br~) imaging plates allowed for this tran-
sition.™® Unlike scintillator-based imaging, where emitted light
is immediately detected and used to generate an image, X-ray
storage phosphors absorb energy and convert it to metastable
trapped charge, which can then be released at a later timepoint
for processing. In this way, a storage phosphor screen stores
a latent image and can be erased and reused hundreds of
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times.*'*” In the case of BaFX:Eu®** (X = Cl~,Br"), after X-ray
exposure, trapped charge can be released via excitation with
red light to produce an emission from Eu”" at 390 nm, with
a decay time of 800 ns."** Practically, the readout is done using
a laser that scans the phosphor screen to visualize the latent
image. The emission band from the allowed 5d-4f transition of
Eu®" overlaps well with the most efficient regions of bialkali
PMTs, and the fast decay time allows for rapid scanning to
generate the digital image quickly.'” Moreover, the fast decay
time is essential for preventing imaging artifacts. The first CR
imaging plates were produced by Fuji in the 1980s, and Eu**-
based plates were the mainstay of radiography for about
a decade thereafter.’®'** Notably, phosphors based on Eu>*
such as BaFX:Eu®" (X = CI",Br~) and CsBr:Eu*" are still at the
forefront of CR-based imaging technologies. Today, needle-
image plates composed of CsBr:Eu®>" provide images at
comparable or higher qualities and lower radiation doses than
what can be achieved using CsI:Tl" plates that came into use
when digital radiography techniques were invented."?”*?®
CsBr:Eu®" is a particularly interesting material because it can be
grown into small needles in the same way as CsI:T1"; this is the
property that allows CsI(Tl) to provide higher resolution than
BaFX:Eu”* (X = Cl~,Br ™). As such, it may be a strong competitor
for the market that CsI(Tl) occupies. Today, Fuji, Carestream
and Agfa are the main companies actively involved in R&D of
storage phosphors for improved CR imaging technologies.***

The multistep process of acquiring a latent image and then
reading it out using a separate device was a major motivator for
the development of flat-panel digital radiography. First intro-
duced in the mid-1990s, flat panel imaging is based on the
incorporation of a semiconductor detector that can either
directly convert X-ray radiation to electrical signal, or do so
through an intermediate scintillator layer in an indirect
fashion.”® While direct imaging may seem like the obvious
choice, the amorphous selenium detectors used for X-ray
detection have lower density and atomic number than most
scintillators. Thus, they have lower radiation stopping powers
and therefore must be thicker relative to the indirect counter-
parts. For indirect imaging, scintillators like GOS:Tb>" are ideal
for reasons similar to their use in intensifying screens for
screen-film radiography. Notably, CsI(Tl) is the only non-
lanthanide material that is in widespread commercial use for
X-ray radiography. Relative to GOS:Tb**, CsI(Tl) scintillators are
slightly hygroscopic and a significant afterglow component
limits imaging acquisition speeds, reduces spatial resolution
and introduces artifacts."”*?> As such, both materials have their
advantages and disadvantages, as is the case for all scintillator
materials.

4.3.2 Computed tomography. Computed tomography (CT)
is an X-ray imaging technique that produces high resolution
images of both soft tissues and bones, unlike in conventional X-
ray imaging. This is achieved by positioning the X-ray source
and the detector across from one another and rotating them in
tandem around the patient to achieve a 360° scan. To achieve
rapid scan times, produce images with high signal-to-noise
ratios, good spatial resolution, and minimize the radiation
dose to patients, the optimal scintillator materials must have
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high X-ray stopping powers in the keV range (and therefore
a high density), high light yields, minimal afterglow and high
radiation resistance. CAWO, was the standard single crystal
scintillator used for CT detectors because of its high density and
good optical transparency.'” However, it has a significant
afterglow component, it is known to accumulate radiation
damage, and the toxicity of cadmium poses a threat during
manufacturing and waste disposal.*** Moreover, single crystals
are difficult and expensive to grow with high uniformity, which
is important for minimizing imaging artifacts due to detector
inhomogeneities. For these reasons, lanthanide-based poly-
crystalline ceramic scintillators have become widely used in CT
detectors.” Specifically, GE Medical System's HiLight™
(Y,Gd),05:Eu** scintillator was introduced in their Optima CT
scanners starting in 1988,"** Gd,0,S:Pr** was introduced by
Siemens under the brand name UFC™ (ultra fast ceramics) in
their commercial clinical SOMATOM Definition CT scanners in
the late 90s/early 2000s,**' and Gd,0,S:Pr’", Ce**, F~ was
introduced by Hitachi Metals in the late 1990s.3%***'%* In the
Pr’*-emitting ceramics, emission maxima are obtained at
513 nm from the *P, — °*H, transition, as previously
mentioned, it has a relatively fast decay time of 3 ps. The
detected red emissions from Eu®" arise from the D, — "F;
transitions, which have a considerably longer decay time (960
us).’** The red emissions from Eu®* are more convenient for
detection by silicon photodiodes than the green emissions of
Pr’*. However, the decay time of the scintillator restricts the
imaging rotation speed, thus the fast decay times of Pr’* are
preferrable in that respect. High X-ray attenuation coefficients
are essential for complete attenuation of incoming X-ray
photons to prevent damage to the Si photodiodes that are
coupled to the scintillators and convert light intensity into
a current signal. With respect to attenuation, HiLight™
requires twice the thickness of UFC™ to stop the same
percentage of X-ray photons. However, the hexagonal crystal
structure of GOS results in a translucent crystal due to light
scattering, while HiLight™ is entirely transparent. In that
respect, a greater number of photons can reach the detector
from the transparent crystal. Thus, there are advantages and
disadvantages to both ceramic materials, and each has allowed
for tremendous advancement in CT imaging in their own right.
The use of these lanthanide-based polycrystalline scintillators
has allowed for thinner detector panels with more uniform
pixels, faster scanning speeds and higher signal to noise ratios,
both of which have led to higher spatial resolution and
a reduction in radiation dose to patients. More recently, GE
Healthcare has introduced the GE Gemstone™, which is
a lanthanide-based garnet scintillator that has been incorpo-
rated into dual-source CT scanners, where X-ray sources of high
and low energy are alternated during a single imaging rotation
to achieve improved anatomical contrast using temporal reso-
lution. The GE Gemstone™ boasts a decay time of 30 ns, which
is considerably faster than the decay time of Pr**, and with
lower afterglow (Fig. 4A)."*® Presumably, the GE Gemstone™ is
based on Ce®", as companies like C&A Japan have made press
releases about the manufacturing of GAGG:Ce®" arrays,'*> and
others have described the promise of other Ce** garnets such as
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(A) Schematic of the principle of a computed tomography (CT) scanner. The rotating scintillation detector array shown is a GE Gemstone

array. Detector photograph courtesy of GE. (B) Schematic of a positron emission tomography (PET) scanner. The scintillation detector array
shown is a 13 x 13 LSO:Ce®* array. Each scintillator crystal is 4 mm in diameter. (C) CT (top), PET (bottom) and combined PET/CT (middle) images
of a mouse bearing a tumor. GE array. LSO detector array photographs and mouse imaging photographs modified from ref. 157.

LuAG:Ce®" for this application.*®*¢ These materials have also
paved the way for combined PET/CT detectors, as discussed
below.

4.3.3 PET imaging. Positron emission tomography (PET)
imaging relies on the simultaneous position-sensitive detection
of two gamma rays to form a line of detection which can be
traced back to a location inside a patient's body (Fig. 4B). The
need to correlate the detection of photons in time and space
therefore requires fast decay times and high light yields to
achieve rapid signalling with minimal event accumulation, but
also high density to attenuate gamma photons. For decades,
PET scanners employed BGO as the scintillator detector
component, but the relatively low light yield (9000 photons per
MeV) and decay time (300 ns) limited further improvements to
this imaging technique.'® This prompted the development of
Lu,SiO5:Ce*" (LSO), which has a much higher light yield (26 000
photons per MeV) and faster decay time (40 ns) than BGO.
Similar crystals such as Gd,SiOs5:Ce®*" (GSO) were also devel-
oped, but GSO has a significantly lower light yield (7600
photons per MeV) with a comparable decay time (60 ns). In the
late 1990s, the first PET scanners employing LSO:Ce*" (ECAT
ACCEL, Siemens) and GSO:Ce*" (Allegro, Philips Healthcare)
were produced.’**'** Yet again, the allowed 5d — 4f transitions
of Ce*" that give rise to fast decay times facilitated important
technological advancements. Specifically, the high light yield
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from Ce*" in LSO allows for better spatial resolution, and the
fast decay times of Ce** in LSO and in LYSO (containing
a portion of Y** in place of Lu®*) have enabled time-of-flight
(TOF) PET imaging, as the 40 ns decay times make it possible
to correlate positron annihilation events with high temporal
precision.'*'¢*1%¢ Specialized PET scanners for positron emis-
sion mammography (PEM) are also made and rely on the use of
these LYSO:Ce®". The only commercially available PEM scanner,
the NaviScan Flex Solo II™, utilizes LYSO:Ce®" because it is
imperative that minimal radiation doses are delivered to breast
tissue during scanning, thus extremely fast imaging capabilities
are required.'”'%%

For nearly a decade, no single-modality PET scanners have
been produced.'®* Rather, there has been a transition to
combined PET/CT imaging within a single gantry, as the
anatomical information provided by CT provides greater infor-
mation about the location of malignancies that are detected by
PET (Fig. 4C). Unfortunately, the properties that make a scin-
tillator favorable for use in PET or CT are not mutual, so
a scintillator detector panel that can do both imaging modali-
ties has not been yet achieved. The significant afterglow
component in LSO:Ce>" precludes its use as a CT detector, while
the relatively slow decay times of Eu®" and Pr*" preclude their
use in PET.* Current generation TOF-PET/CT scanners like the
Siemens BiographVision™ and Philips Gemini™ TF scanners
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employ LSO:Ce*" and LYSO:Ce®*, respectively, for PET and
GOS:Pr** (UFC™) for CT. State of the art clinically used TOF-
PET/CT devices all employ lanthanide-based scintillators in
one or both detector components, and are able to achieve
temporal resolutions down to hundreds of picoseconds, which
has enabled higher signal to noise and better spatial resolution,
as well as quantitative dosimetry for radiotherapy treatment
planning. %6417t Interestingly, GE announced in October
2022 a new generation of PET/CT scanners (Omni Legend) that
utilize BGO crystals for the PET component, which is essentially
full-circle in the PET detection field.'”? In this case, it is not the
efficiency of the scintillator, but the efficiency of the other
detector components that enables the use of a lower light yield,
slower scintillator crystal. Even in the case of the Biogra-
phvision™ 600, which uses LSO:Ce**, the introduction of
a SiPM detector array instead of PMTs enabled tremendous
advancements in terms of scintillator-detector overlap and
signal acquisition.””* Notably, the search for scintillators that
can continue to advance these imaging modalities is at the
forefront of the materials science field."** However, the
advancements that will be generated are likely to be in finding
hosts that enable higher attenuation, higher light yields, better
energy resolution and higher optical transparency, and that can
be produced at high qualities at low cost. Combined, these
advancements would enable lanthanide luminescence to be
harnessed at maximum efficiency by the next generation of
medical imaging detectors.

4.4 Electron microscopy

Electron microscopy also relies on the use of scintillator-based
imaging and benefits from the same advancements made in
medical imaging. In electron microscopy, it is often necessary to
use rapid acquisition times, as samples can often degrade
under the electron beam. Moreover, the image can be degraded
by scattering if the phosphor screen used for viewing is too
thick. For these reasons, scintillators with high light yields, high
densities, fast decay times and minimal afterglow are desired.
Early electron microscopy relied on visual inspection of the
generated image, and green phosphors were desired owing to
the sensitivity of the eye in the green spectral region.'”® Tb**
based phosphors became routinely used in the viewing screens
for electron microscopy alongside other green phosphors such
as ZnS:Cu. Today, GOS:Tb*" is still commercially available for
use in viewing screens, usually marketed under the common
name P43.77* However, the long decay time of Tb*' (1 ms)
motivated researchers to use YAG:Ce*", known as P46, which
has an emission maximum at 530 nm and a decay time of 300
ns, with a much shorter afterglow component than GOS:Tb*".
When Tb*" is added to P46, the P47 phosphor was developed,
which has a blue emission but an even faster decay time at 100
ns.”’* While the Ce*"-based viewing screens have much faster
decay times, GOS:Tb*" has a higher light yield, which allows for
more sensitive detection. The first all-digital microscopes were
also made possible by lanthanide scintillators, and employed
YAG:Ce*" coupled to fiber optics and bonded to CCD or CMOS
detectors to generate images."”” In contrast to microcrystalline
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viewing screens for the detection of primary electrons, back-
scattered electrons (BSE) and secondary electron detection
require the use of single crystals. The small number of electrons
detected by the annular detectors at high and low scattering
angles make single crystal detectors the best option for
providing the highest quality images with good contrast.}”® Ce**
garnet (YAP:Ce®" and YAG:Ce*") single crystals are employed in
the REBEKA™ and KARMEN™ scanning electron microscope
BSE detectors made by CRYTUR Ltd."””*”® In 2021, Gatan Inc.
was granted a patent on microcrystalline Ce** and Pr** garnets
for use in electron microscopy, suggesting there will be new
imaging technologies based on scintillators with much faster
decay times."” As direct electron detectors become more
commonplace, lanthanide-based technologies may likely
remain as an alternative option.

4.5 Astronomy

Scintillators also play an important role in astronomy, espe-
cially given that the cost-benefit consideration is far different
from that in industry, as mentioned in the introduction. Highly
specialized detectors are needed and are often custom designed
for a specific application, mostly for various gamma and X-ray
spectroscopy studies. Gamma ray spectroscopy is used in
interplanetary space missions to study terrestrial and atmo-
spheric compositions of planets, solar flares, and extra-galactic
bodies such as black holes, stars and supernovas. X-ray spec-
troscopy is also used for those purposes, along with studies of
hot gasses and objects falling into black holes. For both X-rays
and gamma rays, it may be desirable to produce images, spectra
to detect elemental signatures, or time-of-flight data to ascer-
tain the location of a radiation source.’ Each of these goals
requires scintillators with different properties, and most of
them need to have fast decay times, high light yields and be of
sufficiently high density to attenuate MeV and GeV photons.
Especially with respect to extragalactic bodies, low photon
fluxes from these distant sources mean highly sensitive detec-
tors are a necessity. With respect to density, this can often mean
the thickness of the scintillator (and consequently the weight)
are of concern, as there is generally a desire to have instruments
as compact as possible. NASA missions are currently using
probes employing Ce®"-based scintillators like CLYC and CLLB
(Glowbug'®") and Srl,:Eu’* (Strontium Iodide Radiation Instru-
mentation II (SIRI-2)'*?) for gamma-ray spectroscopy. The
Gamma Ray Neutron Spectrometer (GRNS) aboard the
Messenger Spacecraft that orbited Mercury for several years
employed a Ce*"-doped °Li glass to detect both gamma rays and
neutrons in a similar manner as the Glowbug detector. The
European Space Agency used GOS:Tb*" supplied by Scintacor in
the PROBA2 detector to image the solar corona via detection of
high-energy UV photons.'*'** This is one of the few examples
found where polycrystalline materials were used. Compton
cameras/telescopes are also used to detect gamma rays but rely
on the kinematics of Compton scattering to generate images.
CeBr; is used in NASA's Advanced Scintillator Compton Tele-
scope (ASCOT),"® and LaBr; was used for time of flight
measurements of the FAst Compton TELescope (FACTEL).'*®
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ASCOT is a successor to a previous mission called COMPTEL,
which used Nal(Tl). The ASCOT CeBr; had a time-of-flight
resolution of 225 ps, while COMPTEL had a resolution of 1
ns, thus the use of CeBr; provided a nearly four-fold improve-
ment in resolution over its Nal(Tl)-based predecessor.'**'*
Notably, the rest of the design was the same as the COMPTEL
instrument and only the scintillator was changed. The Japanese
Space Agency JAXA and NASA collaborated on the Astro E2
“Suzaku” satellite, upon which GSO:Ce** detectors were used in
the hard X-ray detector, HXD-II, until 2015 when the satellite
was decommissioned.'®'® The GSO:Ce®* detectors were man-
ufactured by Hitachi Chemical Co. and achieved energy reso-
lutions better than that of the IBIS spectrometer aboard the
ESA's INTEGRAL spacecraft, which used CsI detectors.'®*'*
Launched in 2017, the China Seismo Electromagnetic Satellite
(CSES) is a collaboration between the Italian Space Agency and
the Chinese Manned Space Agency that is monitoring the
stability of the Van Allen radiation belts using LYSO:Ce**-based
detectors.’**! LYSO:Ce** was chosen for its good energy reso-
lution and ability to fully attenuate protons and electrons that
are up to 250 MeV in energy. In most cases, lanthanide-based
scintillators outperform the traditional BGO, CsI(Tl) and
Nal(Tl) scintillators, and are the preferred materials when
extremely high performance is desired and cost is not the
prohibitive obstacle. The continued development of technolo-
gies used for astronomy experiments will almost certainly
benefit from advancements made in materials science as well.

5 Anti-counterfeiting

Recent estimates have suggested that approximately $500
billion USD of counterfeit or pirated goods are sold each year,
accounting for over 2% of global trade.'®> This number is only
expected to rise with the increase in popularity of e-commerce
and online shopping, making it more difficult to verify the
validity of goods or products. The most prevalent industries
affected by counterfeit goods include footwear and textiles,
jewelry, electrical and medical equipment, and even pharma-
ceuticals.”® As a result, the distribution of counterfeit products
not only impacts the economy but also has health implications,
especially in developing nations, due to counterfeit antibiotics
or other medication distributed in low-income countries.'
Therefore, industry manufacturers look to tag or label their
products with characteristic and unique markers that distin-
guish them from counterfeits.

Known as taggants, the unique labels that manufacturers
rely on to identify their goods can assume many forms,
including physical, chemical, or spectroscopic markers.*>**¢
The benefit of spectroscopic markers is that they're non-
destructive, invisible, and highly versatile, due to the wide
variety of possible excitation and emission wavelengths. They
can either be fluorescent molecules or inorganic phosphors,
although, some uncertainties in the chemical and photo-
stability exist for the organic molecular taggants.'®” Thus,
many companies, contracted by industry to secure their
goods, utilize phosphors as spectroscopic taggants. These
phosphors often contain lanthanide ions, such as europium
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or cerium, due to their robust, characteristic, and bright
emission spectra.

There are documented instances of lanthanide-doped
phosphors used in anti-counterfeiting, though this list
remains limited since agencies do not advertise the exact nature
of their taggants. Companies that explicitly promote the use of
lanthanides as the basis of their phosphors are therefore scarce.
Among them, the HelioSUITE from Luminescence Sun Chem-
ical Security advertises luminescent inks that can improve the
security of banknotes and other government documents.'®
Honeywell's Lumilux® exploits inorganic phosphors that can be
embedded into plastic cases, fabrics or metals to help secure
a variety of goods." This technology aims at markets that
include healthcare, food products, as well as the automotive
industry. Similarly, Olnica advertises rare-earth compounds
that can be inserted in plastics and paper to make secure food
packaging and security labels.>*

Evidently, counterfeiting extends beyond private corpora-
tions, as government documents are also subject to forgery and
imitation.”**** Therefore, countries are required to invest
heavily in security measures that prevent fraudulent docu-
mentation, and every nation does so differently. Some countries
use lanthanide-doped phosphors as spectroscopic taggants
embedded in banknotes and other documents. Under ultravi-
olet excitation, these luminescent features are observed on
different currencies and passports from around the world, as
presented in Fig. 5. While the exact identity of the different
phosphors is intentionally unknown, speculating on their
composition acts as a good exercise to showcase the practicality
of incorporating lanthanide-doped phosphors to prevent
counterfeiting.

The first anti-counterfeiting feature shown in each of the
banknotes photographed in Fig. 5, under UV irradiation, is the
presence of some luminescent dashes and speckles. A known
technique in anti-counterfeiting is the physical unclonable
function (PUF), in which a patterned tag is generated through
a stochastic process and recorded ahead of distribution.”* By
definition, each pattern is unique and non-reproducible. A
recorded image is stored by the manufacturer and only shared
with parties that need this key for authentication purposes.
Regardless of the emission color, one feature on all banknotes
that use spectroscopic taggants is a speckle pattern that is
comprised of one or more phosphors, generating a PUF. In
some instances, such as the euro, the fibers even alternate
colors, forming a more complex feature. These luminescent
fibers are randomly distributed across the entire banknote,
making each one unique. If the banknotes are irradiated with
ultraviolet light and photographed ahead of circulation, banks
can cross-reference each note using its serial number to ensure
its authenticity. By using multiple phosphors, the encryption
can be made even more complex.”** One such limitation to this
technique is the resolution of the stored photographs, where
the number of photographed pixels increases the encoding
capacity exponentially.

A second evident anti-counterfeiting measure is based on the
uniqueness of the characteristic emission spectra of the chosen
phosphors, as shown in the emission spectra of Fig. 5. For
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Fig. 5 Banknotes and documents from several countries (Left) photographed under ambient lighting, (Center) photographed under UV lamp
irradiation (Amax: 365 Nnm) and (Right) recorded emission spectra of the various observed phosphors. Chosen documents (from top to bottom) are
10 Chinese yuan, 50 000 Colombian pesos, 10 euro, 500 Indian rupees, 100 Nigerian naira, 20 Swiss francs, and a visa page from the Canadian
passport.
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security purposes, the exact composition of the different phos-
phors is not publicized. However, it is evident that the narrow
bands from the red-emitting features on all the analyzed
banknotes and documents in Fig. 5 are characteristic of Eu®*.
Because these transitions originate from the shielded electrons
in the 4f orbitals of Eu®*", their band positions do not vary greatly
with host. Whether this ion is coordinated to organic molecules
or doped in an inorganic material, these bands are unique to
the °D, — ’F; transitions ranging between 575 and
750 nm.>*>?% Rather, the observed splitting patterns can change
depending on the Eu®* environment. Previous reports on the
identity of the red Eu*" luminescence in the euro suggest that
an 8-coordinated complex is used, containing three bidentate 3-
diketone moieties.>***®* A commonly studied ligand that results
in a similar emission splitting pattern is 2-thenoyltri-
fluoroacetone (TTA), which can be paired with a variety of other
ligands to fulfill the 8-fold coordination.?****°

The use of ligands to form complexes has some advantages.
In comparison to other lanthanide 4f — 4f transitions, the Eu*"
emissions from the °D, excited state are some of the most
efficient, with quantum yields typically around 50%.>*****> This is
important as the more efficient a phosphor or luminescent
species, the less of it is required in a spectroscopic taggant,
which minimizes the cost. Nevertheless, Eu** and the other
lanthanides have weak absorption cross-sections, which are
magnitudes lower than fluorescent organic molecules. The use
of spectroscopically active ligands, such as TTA, overcomes this
issue by absorbing the incident ultraviolet light and trans-
ferring the energy to the Eu®" metal center non-radiatively via
the antenna effect.”**' This results in efficient luminescent
complexes exploited for their bright red emissions.

Interestingly, these Eu*" complexes are quite versatile. While
the splitting patterns of the Eu®" °D, emissions between the
euro and the other red-emitting documents are very different,
the peak positions match perfectly with the Indian rupee, the
Nigerian naira, and the Canadian passport. When Eu®'(TTA)
complexes are electrospun into polymer fibers, such as poly(-
vinyl pyrrolidone), the environment surrounding the Eu** ions
changes.*””>*° This results in the observed differences in the red
emission spectra of Fig. 5, where the discrete band splitting
broadens. The D, — ’F, emission at 578 nm also appears,
which is indicative of a low symmetry environment not present
in the native complex.?”® The incorporation of these complexes
within a polymer matrix improves its thermal and photo-
stability, which is of utmost importance to the longevity of the
security feature in something as manhandled as banknotes.

In contrast to the Eu** complexes, the Colombian peso elects
to use a different red emitter entirely. The splitting pattern is
reminiscent of an oxysulfide composition, such as Y,0,S or
Gd,0,5.2**' When doped with Eu®", these materials are
commonly used in lighting applications, such as cathode ray
tubes and imaging detectors as discussed above.??>%* Eu*'-
doped oxysulfide compositions are extremely photostable,
which is why their widespread use in a variety of different
industrial phosphor applications is so common.

All the documents recorded herein incorporate a similar
blue luminescent phosphor, with distinct but overlapping

17800 | RSC Adv, 2023, 13, 17787-17811

View Article Online

Review

emission bands. Previous reports have alluded to a (BaO),-
-6Al,0; material doped with 2 to 15 mol% Eu**.2°72% When x =
0.82, the phosphor has an emission maximum at 440 nm, and
other values of x slightly shift the emission band.**® Therefore it
was speculated that the industrial synthesis of this phosphor
results in phase-impure particles, resulting in a primary band at
440 nm that overlaps with a more broad band spanning from
410 to 525 nm. Through the use of Eu**, the allowed 5d — 4f
transitions vary with the host, and facilitate a favorable emis-
sion in the blue region when doped into aluminate or silicate
materials.?** These oxide-based materials are common in
lighting applications (Section 2), owing to their quantum yields
that can exceed 70%.>*"**

The recorded green and yellow phosphors are more difficult to
determine since the emission spectra do not have any defining
features. The choice of inorganic phosphor that may be respon-
sible for such emissions can only be speculated as a potential
option. A likely candidate that has previously been suspected of
being in the euro is SrGa,S,:Eu”".>” This material has multiple
sites for the Eu®" ion, creating a broadband emission centered in
the green region of light with emission intensities similar to
common phosphor materials in lighting applications.”>* A
commonly used yellow phosphor in lighting applications is Ce**-
doped Y3;Al;0;, (YAG), with an emission spectrum ranging from
500 to 650 nm, and quantum yields that exceed 80%.>%%2%
Therefore, it is not too farfetched to consider these materials as
likely candidates for the green and yellow features, respectively,
present in the recorded documents.

Contrarily, the orange phosphors have many overlapping
features and emission maxima, making them equally difficult to
determine. For example, the iconic Cittarium pica on the
Colombian peso consists of some characteristic Eu®* signals,
but in a different composition from what was discussed previ-
ously, overlapping a broader emission band spanning 500-
700 nm.>*® Similarly, the globe feature on the Swiss franc
contains multiple emission maxima between 475 and 700 nm.
These bands can possibly, but not unequivocally, be attributed
to materials co-doped with Mn®>" and Eu®", which possess
similar emission spectra when doped into phosphates.>*”>%*

It is interesting to observe the wide variety of colors that exist
in different documents as a means of anti-counterfeiting, with
many different lanthanide complexes and phosphors available.
When weaved into the paper fibers, these banknotes and
documents become exceedingly difficult to replicate. Only with
specialized equipment and expertise is it even possible to
observe, let alone reproduce, such complicated security
measures. When corroborated with other features, such as the
aforementioned serial number and PUFs, or even non-
luminescent features, it becomes clear how determined
governments and private industry manufacturers are to prevent
forging, and how willingly they invest heavily with the purpose
of limiting counterfeiting.

6 Telecommunications

As technology has developed over the last century, the internet
and other means of communicating information across the
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globe has advanced at a commensurate rate. Historically,
copper wires pulsing an electric current conveyed information
in the form of binary sequences. However, the development of
optical fibers in the 1970s by Corning researchers Donald Keck,
Robert Maurer, and Peter Schultz revolutionized the method
through which data is communicated.****** By exploiting pulses
of light instead of electric currents, today's telecommunications
technology can be transferred over larger distances with greater
speed, less signal loss, larger bandwidths, and are designed
more practically for industrial use (Fig. 6).24>>*

Optical fibers exploit the use of high-purity fused silica for
light propagation.*** The core is composed of fused silica doped
with an impurity such as germanium dioxide or chlorine, to
increase the refractive index which achieves total internal
reflection.”*® Semiconductor diode lasers act as the light source
in optical signals because of their compact size and range of
potential wavelengths.>”” The choice of wavelengths used in
optical telecommunication is dependent on the absorption
coefficient of the fused silica, which is lowest in the near-
infrared (NIR) region. Ranging from 1260 to 1625 nm, the
attenuation of light through the optical fiber materials is less
than 0.5 dB km™*, which is very important for long-distance
data transfer.”” Within this range, two bands are the most
widely used, the O-band between 1260 and 1360 nm, and the C-
band between 1530 and 1565 nm.**® While the O-band has
higher attenuation in fused silica, the C-band is subject to
greater chromatic dispersion, which distorts and can possibly
overlap pulses of the incoming signal. Therefore, the O-band is
specifically used in shorter-distance information transfer, while
the C-band is exploited in long and ultra-long haul telecom-
munication applications.

Despite these advancements in the transmission of infor-
mation, light signals confined to the inside of optical fibers are
still subject to losses over distances that exceed 100 km.**®
Amplifiers overcome this dilemma by periodically increasing
the signal intensity, improving data transfer from the

Fig. 6 Map of
around

the
the world as of
www.submarinecablemap.com/.

telecommunications cables
Reproduced from https://

submarine
2023.
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transmitter to the receiver. Traditional amplification involved
the conversion of light signals to electric current that could then
be amplified before converting back to light.*** This process was
impractical and slow, acting as a bottleneck that greatly limited
transfer speeds. The use of lanthanides in optical amplifiers was
introduced in the late 1980s as a faster alternative.>* Given the
abundance of potential energy levels in trivalent lanthanides,
the study and use of fiber amplifiers have included ions of
neodymium, praseodymium, holmium, erbium, thulium, and
ytterbium, which all have excitation and emission bands in the
NIR region of light.***"**° Following the basic premise of a laser,
lanthanide ions doped into an optical fiber could be excited
using an external laser source (separate from the telecommu-
nication signal).*®” The long-lived excited states help facilitate
population inversion, and the incoming photons from the
information signal induce a stimulated emission. This stimu-
lated emission results in more photons that are in-phase and
monochromatic with the telecommunication signal, and since
the signal does not need to be converted to an electric current,
faster amplification is achieved.

First discovered in 1987, the erbium-doped fiber amplifier
(EDFA), which consists of fused silica fibers doped with Er,03, is
still the most commonly used optical signal amplifier today.>**
EDFAs increase the signal intensity of data transmissions
operating in the C-band, due to the efficient I 3, — *Ijs
emission of Er’" at 1550 nm.?*-2%! When excited using a 980 nm
laser, the Er*" ions are promoted into the “I;,, excited state.
This ion then relaxes non-radiatively to populate the “I,5,, level.
When the excitation source is of sufficiently high energy, there
is an accumulation of Er’* ions excited into this state, achieving
the necessary population inversion to properly amplify the
subsequent data signals. Once a data signal (with a wavelength
of approximately 1550 nm) interacts with the excited Er’**, the
ion relaxes to the ground state, ejecting an electron in-phase
with the original optical signal. High-power amplifiers use
1480 nm as the Er’" excitation source instead (populating
a sublevel of the “I;5/, state).>*>>* This excitation wavelength has
a lower absorption cross-section than 980 nm, but under certain
conditions can outperform the amplification capabilities from
980 nm excitation.

When data transfer is not required to travel extended
distances (<100 km), the O-band is preferred, with wavelengths
around 1300 nm, which are not as susceptible to chromatic
dispersion compared to the C-band.**®* Praseodymium-doped
fiber amplifiers (PDFAs) based on silica or fluoride
compounds are used as signal amplifiers instead, owing to the
resonance in this wavelength region.?**-**> Similar to EDFAs, the
Pr** jons are excited into the 'G, state using an external
~1000 nm laser source. Incoming signal photons of 1300 nm
can then induce stimulated emission of the ‘G, — *H; transi-
tion, amplifying the signal. Interestingly, the energy levels of
Pr*" help facilitate population inversion, more so than Er*"
since the 1300 nm emission does not relax the ions to the *H,
ground state, which follows the premise of a four-level laser.>*
However, the quantum efficiency of the ‘G, — *Hj transition is
low, as compared to Er’*, due to multiphonon relaxation
processes that quench the ‘G, excited state to lower-lying states.
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Fig. 7 Energy level diagrams of Er®* and Pr** depicting the excitation
and emission wavelengths relevant for their use in optical amplifiers.

These intermediate states are not present below the emitting
1,13/, level of Er** (Fig. 7). These subtle differences in EDFAs and
PDFAs influence the way they are engineered to overcome their
respective shortcomings.

As the demand for faster telecommunication speeds
increases, recent studies aim to further advance the way optical
information signals are transmitted. One such advancement is
the use of polymeric optical fibers instead of the traditional
fused silica.*”**® Polymeric fibers are less expensive to manu-
facture, lighter, and more flexible than silica.>** However, since
phonon quenching is a common drawback to lanthanide
luminescence, the abundance of O-H, N-H, and C-H vibrations
that are present in polymer materials hinder their effectiveness
as optical amplifiers. Moreover, the approach to incorporating
lanthanides in polymers must also be modified, since inorganic
oxides will not be suitable. Lanthanide complexes with fluori-
nated ligands have emerged as the preferred option, owing to
weaker vibrational modes from C-F bonds rather than C-H
bonds.?”**”* However this technology is still in its infancy, since
the signal amplification is still not sufficient to compare with
traditional EDFAs.

Newly emerging erbium-doped waveguide amplifiers
(EDWASs) are showing promise in advancing signal amplifica-
tion in optoelectronics.””> These devices consist of lanthanide
complexes embedded within silica and polymers on a silicon
substrate.**”*”* Following the same optical amplification tech-
nology as EDFAs, EDWAs are directly manufactured into inte-
grated circuit boards, avoiding the need for external signal
amplification. As our reliance on global communication
increases, it will likely become necessary to develop materials
which are capable of transmitting data of even larger sizes at
even faster rates. Likely, lanthanides will continue to aid in
facilitating the generation of telecommunication
technologies.

next

7 Next-generation technologies
7.1 Solar energy conversion

Currently, the spectral mismatch between the materials used in
solar cells and the solar emission spectrum represents a major
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obstacle to increasing the efficiency of existing photovoltaic (PV)
cells (Fig. 8).”* For example, the maximum absorption by
silicon PV cells is only 48% of the total solar emission, since
they absorb in the range of approximately 400-1200 nm,
whereas the entire solar emission spectrum ranges approxi-
mately 250-2500 nm. Moreover, the most efficient conversion of
solar energy to electricity occurs when the semiconductor
absorbs light at wavelengths closest to its intrinsic bandgap.
Thus, silicon, GaAs and halide perovskite PVs are most efficient
around 900-1100 nm but can also less-efficiently absorb visible
light.?”>*”” Lanthanide-based spectral wavelength converting
technology has the potential to expand our ability to harness
additional wavelengths from the solar spectrum.”*?”® In this
way, lanthanides are mostly used in complementary technolo-
gies or in direct combination with silicon PV devices, since
those are already well-established in the commercial market.
Less commonly, lanthanides incorporated into the semi-
conductor components of PV cells are also under investigation
and have been patented.””®?” Organic polymers and dyes
represent the main alternative to lanthanides in the solar
industry and are substantially less expensive. However, the
photostability of lanthanide-based materials represents an
important advantage that may justify the added cost of their
use.>’>?76280.281 At this time, widespread commercial use of
lanthanide luminescence in solar energy conversion has not
been realized. However, there are many active patents toward
the development of such technologies, and we aim to focus this
discussion on conclusions we can base on the research that has
made it to the patent stage. The interested reader is directed to
several publications that provide an in-depth discussion on the
state of the field based on academic literature.?*->7%278282

Lanthanides can absorb solar wavelengths otherwise not
absorbed by the PV cells, and re-emit them at longer or shorter
wavelengths, through quantum cutting (QC)/downshifting (DS)
or upconversion (UC) processes, respectively (Fig. 8).>’*?%* These
newly emitted photons can then be absorbed by the PV cells,
improving their solar harnessing capabilities. The process of
upconversion involves the absorption of two or more low energy
photons which are converted into a higher-energy photon. In
this way, NIR light that is lower than the bandgap energy of the
PV semiconductor (>1100 nm in the case of silicon) can be
harnessed and converted to wavelengths suitable for bandgap
excitation. On the contrary, in QC/DS, a higher-energy photon is
converted into one or more low energy photons.® In this way, the
UV and visible wavelengths are harnessed and converted to
longer wavelengths. The characteristic narrow emission bands
from the 4f — 4f transitions of Ln’" ions fulfill the require-
ments for the conversion of the broad solar spectrum to
a narrow emission range at wavelengths suitable for commer-
cial PVs.

First patented by Renata Reisfeld in 1979, lanthanide-based
luminescent solar concentrators (LSC) work by absorbing solar
energy over a large surface area, transforming it into a fluores-
cent emission, and then focusing the light onto a smaller target
which is then harnessed by PVs at the edge of the LSC.>7%***
LSCs are usually transparent and can be multilayered to achieve
the use of a wider range of the solar spectrum by incorporating

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Solar energy conversion technologies using lanthanides. The solar irradiance spectrum (top) and corresponding regions of wavelengths
where upconversion, quantum cutting and downshifting can be harnessed. Inset shows the mechanisms relevant to each of the luminescence
mechanisms. On the bottom, there are graphical depictions of luminescent solar concentrators (left), photovoltaic conversion layers and films
(middle) and photovoltaic cells doped with lanthanides directly into the semiconductor layer.

different lanthanides into different layers.>””****%> This type of
technology is particularly interesting for urban applications
where LSCs can be incorporated into building architecture,
especially in windows since LSCs require large surface areas to
operate.””® In a similar fashion, many patented technologies use
transparent lanthanide films as layers directly on PV
surfaces.”®*?* In both technologies, specific lanthanides are
more successful either for UC or QC/DS; the main difference is
simply whether the lanthanide components are used in tandem
with a PV cell or directly coated onto one.

NIR light is harvested and transformed to useable wave-
lengths via UC, with most technologies using Er** or Er*" and
Yb** together. In this way, Er’* can absorb wavelengths around
1550 nm, and emit at 980 nm upon sequential absorption, which
is close to the band edge of silicon. Similarly, both Er** and Yb**
can absorb 980 nm photons, resulting in the emission of green
light from Er** that is well-absorbed by GaAs PVs. Several layered
PV designs are under active patents using Er’* and Er’‘/
Yb?* 288290291 Thege jons are also well-established in the literature
and appear to be the optimal choices for harnessing NIR light in
PV devices.””*?”® To our knowledge, there are few active patents
involving lanthanide-based layers as upconversion layers in
LSCs, and they also use Er** and/or Yb>*.27:2%

© 2023 The Author(s). Published by the Royal Society of Chemistry

Upconversion is substantially more limited in efficiency than
QC/DS, as expected from an anti-Stokes process. For this
reason, there are substantially more examples of lanthanides as
QC/DS converters. Eu*" is perhaps the most well-established for
solar QC/DS, taking advantage of UV light, since its red emis-
sions are closer to the desired wavelengths, and some Eu®*
complexes have particularly impressive quantum efficiencies
relative to other lanthanides.>”>?*”*> In many cases, the antenna
effect is particularly useful, in which the ligand (having a higher
absorption cross-section than the lanthanides) absorbs the
incident solar light and transfers it to the lanthanide metal
center.?”7?7292 Th** complexes are the second-most promising
for QC/DS, as they also efficiently absorb UV light, but convert it
to green light, which is somewhat less desirable for use with
a silicon solar cell but is still efficient for the excitation of GaAs
PVs.?* Notably, the luminescence of Tb** and Eu** complexes
was reported to be significantly enhanced by noble metal
nanoparticles due to plasmon resonance.?’*¥%?”7 Nd*'-yb**
complexes are also able to harvest blue light and convert it to
NIR via QC at 980 nm, even closer to the intrinsic bandgap of
silicon than the Eu** emissions.?*®* The QC process occurs via
energy transfer from Nd** to Yb*", following the mechanism
[NA* (*Gojp = *F352); Yb** (°Fsj — *F5))], followed by a second
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Fig. 9 Summary scheme depicting the phosphors and materials mentioned throughout this review.

energy transfer from the Nd**(*F5,) level to the Yb**(°F5),) level,
yielding two NIR photons from Yb*'. In theory, QC is particu-
larly attractive because of the potential to achieve quantum
efficiencies greater than 100%.>” In practice, the efficiencies are
closer to a one-to-one process like DS. Ce** complexes are also
proposed for their incorporation in LSCs in combination with
other lanthanides such as Eu*" and Tb**, whereby Ce®" can
absorb UV light and energy transfer to the Eu®" and Tb*
complexes which then emit at more appropriate wavelengths.”””
In some instances, the radiative 5d — 4f transitions of Ce*" can
be found in the green region, and thus Ce*" can be directly used
as a wavelength-converting ion. This has been proposed with
YAG:Ce*", as well as with Ce*-doped perovskite quantum
dots.>**** PV devices based on halide perovskites have become
quite attractive and are likely to be explored further for
commercial translation. Notably, lanthanide-doped perovskite
solar cells have gained momentum since 2015, reaching solar
cell efficiencies around 20%.>>*”® Most of the perovskite PV
devices also employ Eu**, Er*", and Yb*", though nearly all
lanthanides have been assessed for incorporation into perov-
skite lattices or in films on top of a perovskite active layer.
Lanthanide-based solar technologies have been under
development for nearly half a century, but have not yet reached
widespread commercial adaptation.*®> Advancements in
improving the efficiencies of these materials are continually
sparking new developments in the technologies making use of
lanthanides, and suggest that there is still great potential for
them in the commercial market. The photostability of lantha-
nide materials and the narrow emission bands from the 4f — 4f
transitions of these ions are strong advantages over alternative

17804 | RSC Adv, 2023, 13, 177787-1781

technologies employing strictly organic molecules. Likely,
hybrid organic-inorganic technologies will pave the way for
commercial adaptations of lanthanide luminescence in the
solar industry.”®® If cost-efficiency barriers are adequately
addressed, lanthanides will likely progress our abilities to effi-
ciently harness the UV and infrared regions of the solar spec-
trum. However, this is a prime example of how cost-benefit
evaluations are crucial for the introduction of an invention,
no matter how promising it is.

7.2 Alternative lighting technologies

The application of lanthanide-based phosphors can provide
benefits in several other industrial sectors. For military and
space applications, the challenge to obtain produce in space is
contingent on finding the right lighting system.?*® Several kinds
of crops and vegetables have been exposed to light with
a different spectral distribution to verify the best growth
conditions.>”** Well-established products, such as white-light
lightbulbs (as discussed in Section 2) that mimic the spectral
characteristics of the sun for plant growth indoors, are also
promising for farming in space. Obtaining a self-sustained
ecosystem to support life in space is a recurring idea in recent
years, which can potentially bring more lanthanides to outer
space.

Finally, the possibility to achieve lighting without additional
energy consumption with persistent luminescence is quite
attractive, but still far from being realized. Finally, the
phenomenon of persistent luminescence should also be
considered in view of its usefulness for safety signals and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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panels.”” In a material with an intermediate trapping state
positioned appropriately within a band gap, the trap state can
accumulate trapped charges during irradiation of the consid-
ered persistent luminescent phosphor. When irradiation
ceases, the charges are released, producing persistent lumi-
nescence (also known as afterglow). The most efficient of these
phosphors are Sr,MgSi,0,:Eu>",Dy*" (blue), SrAl,0.:Eu**,Dy**
(green) and Y,0,S:Eu® ,Mg”",Ti (red).>” Persistent phosphors
have found commercial use in everything from watch dials and
glow-in-the-dark toys to emergency safety signage on buildings,
passenger trains, and naval ships among others.****** Notably,
SrAl,0,:Eu**,Dy*" signs have been used to replace radioactive
tritium signs at military stations, thereby improving the safety
of personnel.*”® With respect to persistent luminescence dura-
tion, major optimizations have already been realized, achieving
emissions that exceed 12 h. This certainly suffices in terms of
replacing lighting in the absence of the sun (ie. at night).
However, the intensity of the emissions, and their color, require
substantial improvements. Sunlight-activated persistent lumi-
nescent phosphors are nevertheless appearing in the literature,
making them a foreseeable perspective for the future of
lighting.*** Given that most of the modern persistent lumines-
cent material advancements were made starting in the
1990s,%%53% the field is relatively young and thus there is still
much to be learned towards making this a feasible lighting
technology.

8 Conclusions

Lanthanide luminescence is ubiquitous in modern society,
from under the oceans to deep space, since they have facilitated
an incredible variety of technologies. Despite the difficulties
faced in isolating and identifying these elements, as well as the
uncertainties faced in their supplies, the modern world has
become reliant on the lanthanides.

The unparalleled narrow band emissions of the trivalent
lanthanides have facilitated lighting and displays with high
color purity and have allowed for the precise conversion of
broad solar wavelengths to specific and useful emissions that
can be harnessed by semiconductors in photovoltaic cells.
Simultaneously, the broad 5d — 4f transitions have vastly
improved the phosphor and scintillator industries.

With regard to the medical industry, the luminescent prop-
erties of the lanthanides have been crucial in everything from
laser ablation in ophthalmologic surgery, to tattoo removal, to
medical imaging in X-ray, PET and CT scanning. Moreover,
their use in solid-state lasers has enabled wireless communi-
cations, facilitating the possibility for deep space communica-
tion and allowed us to monitor the atmosphere of the earth via
LIDAR technologies from space. Lanthanides are also inte-
grated in our everyday lives in the form of luminescence-based
anti-counterfeiting in money and passports. The phosphors
employed throughout these applications, incorporating the
lanthanides as a dopant or part of the native composition, are
summarized in Fig. 9, depicting their range as well as their
versatility.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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As advancements are made in mining technologies, and
more countries introduce rare-earth mining operations, the
potential for stable supplies of lanthanides, as well as
a decrease in their cost may occur. Notably, the lanthanides are
not only prized for their luminescence properties, thus there are
many additional reasons they are coveted. Solving these issues
will likely spur the industry into taking advantage of the unique
properties of these elements. Throughout this review, we aimed
to provide an overview of how lanthanide luminescence has
benefitted society, so that their historical uses and their use in
today's technologies may inspire future researchers to harness
lanthanide luminescence in the next generation of the modern
era.
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