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ABSTRACT: In small- and large-scale industries, manipulable optical characteristics are
desired. In this regard, rare-earth oxides (REOs) have been providing pragmatic attributes in
terms of successful implementations and promising prospects throughout the last few decades.
Currently, there is no comprehensive literature review on REOs that can aid researchers in
focusing on industry-relevant emerging materials. Therefore, this review reports studies that
have been able to experimentally utilize the physical, chemical, thermal, electronic,
spectroscopic, and photocatalytic properties of REOs in the optical field. The brief and
focused review finds that the most pronounced applications of REOs in the optical field are in
white light and laser, while the prospective ground likely lies in optoelectronics, fiber optic
applications, and miscellaneous repertoires that incorporate an innovative utilization of an
electronic configuration of REOs. From the perspective of this review, the versatility of an REO
in the optical field has become prominent and quantified by the successful implementations of
REOs in white light and nonwhite light applications. Furthermore, the innovative applications
of REOs include but are not limited to the development of solid-state optical devices,
optoelectronic systems, and photocatalytic agents. Specifically, their futuristic applications are likely to be led by the development of
stronger emission devices and the obtaining of flexible doping characteristics by several ions such as Li+, Eu3+, Dy3+, Nd3+, La3+, Yb3+,
etc. at different levels, which will render the pathway for further exploration in this regard. However, the improvement in terms of
methodological attributes requires a serious consideration of overcoming the limitation of thermal stability, lack of exploration of
several types of lights, photodarkening in critical applications, lack of applicability at a wide range of temperatures, and so on. From
an industrial perspective, it can be conjectured from the reported literature that the challenges will be overcome at a large scale
within a few years due to the expedited technological advancements of the experimental repertoires, rendering the REO applications
in the optical field reasonably economic and commercially viable. In short, this is the first review that objectively considers the
applications and prospects of REOs, which will essentially invoke several studies to investigate the specific properties and viability of
REOs in the optical field.
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1. INTRODUCTION

There has always been a demand for sustainable development,
energy consumption, greener, and safer technology, which has
motivated researchers to find the best materials in the field of
optics. Rare-earth elements (REEs) individually or doped with
other host glass matrices have recently made a prodigious
impression in optical applications, especially rare-earth oxides
(REOs), which are of an increased interest in modern high-
tech optics industries due to their unique characteristics.
Therefore, studies focusing on rare-earth (RE) sesquioxide or
REO (commonly denoted as R2O3, R = rare-earth element)
doped inorganic elements have burgeoned throughout the past
decade. They have revealed a superiority to other materials
such as fluoride- and lithium-based glasses, P2O5, etc. in terms
of various optical applications1−12 because of their thermal and
chemical stability, longevity, nonlinear refraction, high

quantum yield, etc. As a result, REO-doped materials have
an enormous prospect in replacing conventional materials. For
example, current Hg-based compact fluorescent lamps are not
highly efficient for long-term use and pose a threat to the
environment when damaged. The use of REO phosphor-based
lighting devices can overcome this issue.
Starting from the nomads who used fire for lighting, we have

now reached an epoch of light-emitting diodes (LEDs) and
liquid crystal displays (LCDs). Normally, both LEDs and
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LCDs are made of phosphors. Because of enhanced chemical
stability and photoluminescence properties, REOs are now
being exploited as phosphors in these devices.1,13 Furthermore,
the multiphonon relaxation and efficient up−down conversion
of REOs might be useful for lessening the nonradiative loss,
which will eventually produce quality laser materials. The long-
standing demand for substrate stability was satisfied at low
temperatures along with a high band gap by using REOs.14

Nonlinear photonic devices can be manufactured by exploiting
REOs, as the third-order optical nonlinearity with large band
gaps was achieved in a lab-scale experiment.15 Moreover,
improved lattice strains brought new functional behaviors for
REOs, which opens an opportunity for manufacturing
innovative optoelectronic devices.16 Also, successful opto-
modifications were done via REOs, which is a recent addition
in the domain of fiber optics.17−19 Even the photocatalytic
behavior,20,21 thermal imaging,22,23 optical probe,24 plasma
display panel,25 etc. sectors were vastly improved by the
incorporation of REOs in recent years.
Significant research has been conducted by exploring the

REO element, its composition, host matrices, growth
processes, and other experimental parameters (i.e., growth
temperature, pressure, etc.) in a lab scale, whereas industrial
applications require a more confirmed synthesis with some
other concerns such as production cost and the efficient
splitting of REOs.26−28 Therefore, a piece of combined
knowledge and understanding is required for a commercial
viability. At present, there is a lack of accumulated studies
concentrating on the applications, prospects, and challenges of
REOs in optical applications.
This review article broadly discusses the prevailing works

related to R2O3 (R = Ce, Sm, Eu, Gd, Dy, Y, Er, and Yb)
doped inorganic materials, which have shown noteworthy
results for optical applications.1−12 The review begins with a
general overview of the optical applications of REOs. Then the
applications in various optical sectors are discussed in detail
from the available literature, which is followed by discussions
of promising prospects in each section. Later, the existing
challenges and knowledge gaps in each sector are also narrated
separately. Finally, an overall discussion about the reviews
along with future directions to tackle the prevailing gaps and
major challenges are provided. As a result, this study will
eventually invoke several investigations in the optical
application area.

2. OVERVIEW OF REO
The lanthanide group together with scandium and yttrium in
the periodic table of elements, commonly known as REEs,
exhibit interesting physicochemical characteristics. The prime
reason behind this is their unique features of f-f intra-
configuration.29 The partially filled inner 4f subshell of REE,
rather than the outer shell, includes an electron when
incorporated with an atom of a different element. Thus, the
ionic radius gets shrunk, which eventually demonstrates
expanded physicochemical characteristics.30

Technologically important rare-earth sesquioxides (R2O3)
are well-studied materials. Their crystal phases were divided
into five distinct categories depending on their polymorphic
form, temperature, and chemical environment, which are (i) A-
type (hexagonal), (ii) B-type (monoclinic), (iii) C-type (body-
centered cubic), (iv) H-type (high temperature hexagonal),
and (v) X-type (high-temperature cubic). The first three types
(i.e., A-, B-, and C-type structures) are formed below 2000 °C,

while the other two types (i.e., H and X) are formed above this
temperature.31 Because of their unique structural and
electronic configurations, they possess handy optical proper-
ties. Among the versatile characteristics, a homogeneous light
emission due to elongated lifetime excited states, ample energy
levels, greater resistance to crystallization, better thermal and
chemical stability, isotropic refractive index, intense lumines-
cence, lowered environmental toxicity, less propagation loss,
easy manufacturing, etc. are especially notable.1,13,32−34

3. CLASSIFICATION OF REO’S OPTICAL
APPLICATIONS

It is seen that eight (8) REOs such as Ce2O3, Sm2O3, Eu2O3,
Gd2O3, Dy2O3, Y2O3, Er2O3, and Yb2O3 were significantly
applied in various research works for different optical
applications. These include UV LED pumped solid-state
white light generation,1 intense and wideband white light
emission,13,35−39 white LED,40−47 red light emission,48,49

orange LED,50 green light emission,51 solid-state lighting
devices,5,34,52−54 various types of lasers,6,55−63 UV LED,7,8

nonlinear optical devices,9,64,65 near-infrared (NIR) lumines-
cence,10 NIR light,66 optoelectronics,11,16,67,68 optical fiber
amplification,12,19 active and passive optical fiber,17 optical
display,4,69 multifunctional and enhanced luminescence,3,70

photocatalytic applications,20,21 low-temperature thermal imag-
ing,22,23 optical amplification for medical diagnosis,71 halide
lamp,72 smart light (circadian cycle),73 X-ray induced
luminescence (XRL),74 etc. These eight REOs have been
preferred in consideration of their significant spectroscopic
characteristics and tremendous industrial prospects in the
manufacturing of next-generation optical devices. The various
optical applications of the aforementioned eight REOs are
discussed in an organized manner in the following sections of
this article. The applications for which comparatively less
literature was found are discussed in a separate section named
miscellaneous optical applications. The categorization of
optical applications is made as follows.

(i) White light optics
(ii) Nonwhite light optics
(iii) Solid-state optical device
(iv) Laser
(v) UV optics
(vi) Nonlinear optics
(vii) NIR optics
(viii) Optoelectronics
(ix) Optical fiber
(x) Display and luminescence
(xi) Miscellaneous.

4. REOS’ OPTICAL APPLICATIONS AND PROSPECTS
4.1. White Light Optics. 4.1.1. White Light Optical

Applications. The generation of white light has gained ample
interest among researchers for its vast applications in LED and
LCD. These LEDs and LCDs are advantageous over the
traditional luminous lamps owing to their extended lifetime,
reduced power consumption, and environmentally friendly
features.1 The REOs have shown tremendous success in
generating white light where it is mainly used as a dopant
material in various hosts.
Yttria (Y2O3) phosphor is one of the host materials used in

various studies with specific rare-earth elements as activa-
tors.1,13,35−37 The undoped nanosized Y2O3 has demonstrated
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10 times more efficiency than a commercial 60 W incandescent
lamp.37 By contrast, Eu3+- and Tb3+-doped Y2O3 showed
excellent chemical durability along with improved photo-
luminescence and electroluminescence.35 In other studies,
Tm3+-, Er3+-, and Yb3+-doped Y2O3 transparent ceramics were
used to enhance the green, red, and blue upconversion
processes,36 while a Li+ ion doping with these three dopants in
the same nanocrystal tremendously improved the luminous
efficiency.13 It has been apparent that doping RE ions greatly
ameliorates the stability and resistance to crystallization,
indicating their influence on structural and optical features of
multicomponent glass networks. Several successful studies
were conducted in tailoring glass system types and the amount
of RE ions to improve the luminescence properties up to the
desired range. Among other glass host materials, borate-based

glasses showed noteworthy results when doped with Dy3+

ions.32,33,46,75−77,38−45 The incorporation of borate improves
the glass property (i.e., the nonlinear refractive index) and
provides stability to the glass matrix. The higher phonon
energies and fragility problems of borate-based glasses can be
resolved by using alkali elements, and several features such as
dynamic luminescence center, amplified afterglow due to f-f
ion-trapping shell for a prolonged period, robust excitation
band around 454 nm, etc., over other RE ions have made the
Dy3+ ion popular among researchers for a white light
generation.32 Moreover, Dy3+ shows 4F9/2 →

6H15/2 and
4F9/2

→ 6H13/2 transitions in the visible region that are influential for
a yellow/blue emission and ideal white light generation.40,44,76

Table 1 demonstrates various studies for efficient white light
generations exploiting RE ions. Figure 1 shows various

Table 1. White Light Optical Applications

specific applications used REOs REO compositiona refs

Nanophosphor for UV LED pumped
solid-state white light

Acetylacetonate (acac) passi-
vated Eu:Y2O3 nanocrystal.

2,4-pentadione (acac) passivated Eu (x): Y2O3 where x = 0, 2, 9, 11, and 18 wt %. Dai et al
. (2011)1

Intense white light emission Eu3+ and Tb3+ codoped Y2O3
phosphors

Eu3+ concentration was varied from 0.6 to 10 mol % whereas Tb3+ concentration
was varied from 1 to 4 mol %.

Tu et al
. (2011)35

White light emission Tm3+, Er3+, Yb3+ triply doped
Y2O3 transparent ceramics

(ErxTm0.001Yb0.03Zr0.03Y0.939−x)2O3 where x = 0, 0.001, 0.005, 0.01, and 0.02 at.%. Hou et al
. (2011)36

Bright and wideband white light
emission

Undoped Y2O3 nanopowders N/A Bilir et al
. (2014)37

Bright white light emission Tm3+, Er3+, Yb3+, Li+-doped
Y2O3 nanocrystals

Y2O3 + 0.3 mol % Tm3+ + 0.5 mol % Er3+ + 3.5 mol % Yb3+ (TEYY) and Y2O3 +
0.3 mol % Tm3+ + 0.5 mol % Er3+ + 3.5 mol % Yb3+ + 2 mol % Li+ (TEYYL).

Bai et al
. (2009)13

Laser and white light generation Dy3+-doped lithium lead gadoli-
nium silicate glasses

25 Li2O + 15 PbO + 5 Gd2O3 + (55−x) SiO2 + xDy2O3 where x = 0.0, 0.1, 0.5,
1.0, 1.5, and 2.0 mol %.

Khan et al
. (2019)80

White light generation using solid-
state lighting

Dy3+ nanoparticles doped Zinc
borotellurite glasses

{[(TeO2)0.7(B2O3)0.3](ZnO)0.3}1−x(Dy2O3NP)x (where x = 0.01, 0.02, 0.03, 0.04,
and 0.05 M fraction).

Hazlin et al
. (2018)32

Laser & white light generation Dy3+-doped LGFDy glasses x Dy2O3 + 40 Li2O + 5 BaO + 5 GdF3 + (50−x) SiO2 where x = 0.0, 0.1, 0.5, 1.0,
1.5, and 2.0 mol %.

Khan et al
. (2019)81

White light emission Gd3+ and Dy3+ codoped borate
glasses.

(B2O3)0.55−x (Li2O)0·30 (MgO)0.10 (Gd2O3)0.05 (Dy2O3)x where 0.0 < x (mol %) <
1.5

Ullah et al
. (2020)38

White light emission device Dy3+ activated NKBT piezo-
electric powders

Dy2O3Na0.25K0.25Bi0.5TiO3 Kuzman et al
. (2020)82

Fabrication of bright white LED’s Dy3+-doped lithium alumino-
borate glasses

27 Li2O + 3 Al2O3 + (70−x) B2O3 + xDy2O3, where x = 0, 0.1, 0.3, 0.5, and
0.7 mol %.

Pawar et al
. (2017)40

White light laser and color display
devices

Dy3+-activated zinc borotellurite
glasses and nanoglass-ceramics

N/A Kaur et al
. (2019)75

Ideal white light emission Eu3+ and Dy3+ codoped calcium
tungstate nanoparticles

2 mol % Eu2O3 + 5 mol % Dy2O3 + CaWO4 Kaur et al
. (2020)83

Intense white light generation Dy3+-doped NBSAZB glasses 25 Na2O + 10 B2O3 + (50−x) SiO2 + 5Al2O3 + 5ZnO + 5BaO + xDy2O3 (0 ≤ x ≤
2.0 mol %)

Jamalaiah et
al. (2017)
39

White LEDs Ce3+ and Tb3+ in barium gallium
borosilicate glasses

30BaO + 2 Ga2O3 + (27.8−x)B2O3 + 40SiO2 + xCe2O3 + 0.2Tb2O3 (0 ≤ x ≤ 1.0) Rao et al
. (2019)41

Cool white LED and glass scintillation
applications

Dy3+-doped yttrium calcium
silicoborate (YCaSBDy)
glasses

25Y2O3 + 10CaO + 10SiO2 + (55−x)B2O3 + xDy2O3, where x = 0.05, 0.1, 0.5, 1.0,
1.5, 2.0, and 2.5 mol %.

Kesavulu et
al. (2017)
42

White light emission Dy3+-doped lithium borosilicate
glasses

30 Li2O + (70−xDy2O3) {1/7SiO2 + 6/7B2O3} where x = 0.5, 1, 1.5, and 2 mol %. Ramteke et
al. (2017)
76

White LEDs Dy3+-doped calcium bismuth
borate glasses

xLiF + (30−x)CaO + 20Bi2O3 + 50B2O3 + 1 mol % of Dy2O3 (x = 0, 2, 5, 7, 10,
and 15 mol %.

Narwal et al
. (2018)43

W-LEDs application and smart light-
ing

Dy3+-doped calcium boroalumi-
nate glasses

50B2O3 + (25−x)CaO + 15Al2O3 + 10CaF2 + xDy2O3 (x = 0.0, 0.5, 1, 2, 3, and
5 wt %).

Lodi et al
. (2018)44

Solid-state white light generation
devices

Dy3+-doped trialkali oxyfluoro-
borate (NKLB) glasses

25LiF + 10Na2O + 10K2O + (55−x)B2O3 + xDy2O3, (x = 0, 0.1, 0.5, 0.7, 1.0, and
1.5 mol %).

Khan et al
. (2019)33

White light generation Dy3+-doped lithium zinc boro-
silicate glasses

(30−x)B2O3 + 25SiO2 + 10Al2O3 + 30LiF + 5 ZnO + xDy2O3 (x = 0, 0.1, 0.5, 1.0,
and 2.0 mol %).

Jaidass et al
. (2018)77

Bright white LED’s and modern white
LED bulbs

Dy3+-doped lithium borate
glasses

30Li2O + (70−x)B2O3 + xDy2O3, where x = 0, 0.1, 0.3, 0.5, and 0.7 mol %. Pawar et al
. (2016)45

White LED Eu3+-activated borate-based
phosphors

LiLa2O2BO3 + Eu2O3 Li et al
. (2011)46

Red photoluminescent component for
white LEDs under n-UV excitation

Eu3+-doped alkaline earth zinc-
phosphate glasses

(40−x)ZnO + 35P2O5 + 20RO + 5TiO2 + xEu2O3 (where x = 1 mol % and R =
Mg, Ca, Sr, and Ba)

Jha et al
. (2016)47

aN/A indicates not applicable.
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interesting properties of Dy3+-doped heavy metal germanium
tellurite (HGT) glasses containing Ag nanoparticles,78 and
Figures 2 and 3 illustrate promising properties for
Gd3.67EuSi3O13 phosphor-fabricated LEDs.79

4.1.2. Prospects in White Light Optical Applications. The
REOs have promising prospects in an efficient white light
generation. The former section, section 4.1.1, has provided a
list of studies where RE ions were used, and some of them have
great potential in white light generating industries. The Y2O3
transparent ceramic showed a broad prospect in white light
emission when doped with three RE ions, that is, Tm3+/Er3+/
Yb3+.36 A higher lifetime, quantum efficacy, and stimulated
emission cross-section for Dy2O3-doped zinc borotellurite
glasses, nanoglass-ceramics, and NBSAZBDy glasses could be
apposite for commercial manufacturing white light la-
sers.32,39,75 The 0.6 mol % Ce2O3- and Tb3+-doped BaGaBSi
glass is much more steady against devitrification and shows
extreme intensity, therefore making this composition promis-
ing for white LEDs.41 The Dy2O3 blended trialkali oxyfluoro-
borate (NKLB-Dy), lithium lead gadolinium silicate (LPDy),

Li2O-BaO-GdF3−SiO2 (LGFDy), LiF-CaO-Bi2O3−B2O3, and
calcium boroaluminate (CaBAl) glasses have a higher yellow-
to-blue ratio indicating the covalent character of the Dy−O
bond, making them potential candidates for laser and white
light generation applications.33,43,44,80,81 The 0.5 mol % Dy2O3-
doped lithium borate glasses have the maximum emission
intensity under UV irradiation (i.e., 350 nm) also signifying
their practicality in manufacturing contemporary bright white
LED bulbs.45 Furthermore, 2 mol % Eu2O3 with 5 mol %
Dy2O3-doped CaWO4 is also a suitable candidate for white
light emission.83

4.2. Nonwhite Light Optics. 4.2.1. Nonwhite Light
Optical Applications. The generation of nonwhite light such
as red, orange, reddish-orange, green, yellow, etc., has gained
considerable traction among researchers due to the prevalent
applications in LEDs, optoelectronics, lasers, sensors, and
optical communications. Similar to white light generations, the
various combinations of REO ions have also shown a
superiority over other materials in a nonwhite light generation.
This has been possible because of their inimitable attributes

Figure 1. (a) Depiction of localized surface plasmon resonance (LSPR), (b) partial energy level diagram for Dy3+-doped HGT glasses nearby Ag
nanoparticles, (c) color coordinates of the same glass (at 453 nm laser excitation), and (d−f) corresponding correlated color temperature (CCT).
(I) White fluorescence snaps and (II) resemblance of the HGT-Dy-0.5 and HGT-Dy-0.5/AgH glasses by a long laser-pumping path. Reproduced
with permission from ref 78. Copyright 2018 Elsevier.
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like superior thermal and chemical stability, consistent light
emission, uncomplicated manufacturing process, and small
production cost. By tailoring some crucial parameters (i.e., the
concentration of REO ions, host matrix or glass compositions,
processing temperature, etc.), the luminescence properties can
be enhanced, and highly efficient materials can be prepared.
Gadolinium oxide (Gd2O3) also possesses an excellent

chemical and thermal stability alongside a low photon energy,
which makes it capable of being used as a host matrix for
luminescence properties. Huang et al. (2013) first synthesized
Eu3+-doped Gd2O3 core−shell microspheres through a
prototype-free solvothermal process using poly-
(vinylpyrrolidone) (PVP) as a surfactant, which was followed
by a calcination process.48 This material showed a strong red
emission when excited at 254 nm.48 Further, the Eu3+-doped
Y2O3 nanophosphor is a well-studied material for the red light
luminescence, whereas Vini et al. (2020) used Gd3+ as a
codopant in this material. It has been reported that the 6 wt %
Eu3+-doped Y2O3 nanophosphors and codoped Gd3+ have
significantly increased (i.e., ∼4 times) the luminescence.49 In a
different study, Jha et al. (2019) employed three different
alkaline network moderators (i.e., BaO, SrO, and CaO) for
Eu3+-doped oxy-fluoro telluorophosphate glass composites.
However, the maximum quantum efficacy and emission
intensity were achieved for a BaO network modifier glass
with 5 mol % Eu3+ doping. It showed a pure red light emission
under near-ultraviolet (n-UV) excitations.29 The Sm3+ ion has
also attained popularity among researchers for use as an orange
luminescent center. One study showed that Sm3+-doped
silicate-based oxide and oxyfluoride glasses are suitable for
orange LEDs.50 Meanwhile, another study revealed that Sm3+-
doped barium sodium borate glasses have a high potency for
utilization as orange emanating materials.2

Eu3+ ions have been used for reddish-orange light emissions
by several researchers as well. It was reported that 1.48 mol %
Eu3+-phosphate glasses have outstanding luminescent proper-
ties for reddish-orange light emissions (Figure 4).69 An
addition of 2 mol % Dy3+ with 2 mol % Eu3+ in sodium−
zinc phosphate glasses also has similar properties in generating
warm white light to reddish-orange light sources.34 The Dy3+

ion was also used in yellow light generation doping with K−
Sr−Al phosphate glasses. The quantum efficiency had
increased to ∼76% when 1 mol % of Dy3+ was doped with
K−Sr−Al phosphate glasses.84 The green light emission using
REO ions has also been reported. The Ho3+-doped bismuth-
germanate (GeBiNaGdBaH) glasses demonstrated strong
emissions near the green region (i.e., ∼548 nm).51 The
fabrication of 1.0 wt % Tb2O3 and 3.0 wt % Yb2O3-doped
tellurite glass exhibited the maximum green light intensity in
the visible region and can be useful for developing green fiber
lasers.85 Figure 5 depicts the energy transfer mechanism
between Eu2+ ions in various host materials (phosphors).86

Table 2 shows some of the studies for nonwhite light light
generations using REO ions from the past decade.

4.2.2. Prospects in Nonwhite Light Optical Applications.
Several studies, as discussed in Section 4.2.1, have shown the
prospects of REO ions in nonwhite light generations, especially
the red, reddish-orange, yellow, and green light emissions. The
uniform and monodisperse Gd2O3 core−shell microspheres
doped with Eu3+ have shown promising prospects in producing
nonwhite light with strong red emissions as well as in the
growth of a prototype-free synthetic approach for the new
hollow metal oxides production.48 Among the different series
of 0.5 mol % Eu2O3-doped alkali oxides-modified borosilicate
glasses, the Li2O−Na2O combination has shown the maximum
stimulated emission cross-section and experimental branching

Figure 2. (a, b) Photoluminescence variation of the Gd3.67EuSi3O13 phosphor at different temperatures (excited at 394 nm), (c) depiction of the
allowed pathways for thermal quenching, (d) normalized emission intensity for the same phosphor with different temperatures, (e) graph for ln(I0/
I − 1) vs 1/kBT and (f) temperature−recycle analysis. Reproduced from 79. Copyright 2021 American Chemical Society.
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ratios for the 5D0 →
7F2 (614 nm) transition, which makes it a

possible runner aimed at a red color center for display devices
and visible red lasers.87 The ZnO-TiO2 has also proved its
potentiality for use as a red upconversion phosphor showing
very high red emissions when doped with a ratio of Yb2O3/
Er2O3 = 0.06:0.02.88 The various spectroscopic parameters,
that is, the oscillator strength for the 6H5/2 →

6P3/2 (400 nm)
transition, the stimulated emission cross-section 4G5/2 →

6H7/2

(600 nm) transition, and the branching ratio (0.518) obtained
from a Judd-Ofelt analysis were the highest for the 0.5 mol %
of Sm2O3-doped barium sodium borate glass. These properties
of the Sm2O3-doped glass make it viable for applications as an
orange-emitting functional materials design.2 Meanwhile, the
Ho3+-GeBiNaGdBaH glass has shown a strong green emission
for the (5S2+

5F4) → 5I8 (452 nm) transition and maximum
stimulated emission cross-section (0.18 × 10−20 cm2) likened
to other studied glasses,51 suggesting its highly promising
prospects for use as green lighting functions. The Dy3+-doped
K−Sr−Al phosphate glasses might be suitable for yellow laser
applications, since an intense yellow emission was found for
the 4F9/2 → 6H13/2 (572 nm) transition with a higher
branching ratio (0.78).84

4.3. Solid-State Optical Device. 4.3.1. Solid-State
Optical Device Applications. Solid-state optical materials
gained tremendous traction in the past decade, as they offered
great solutions to the challenges encountered in the arena of
optoelectronics, display technologies, optical amplification, and
so on. When these materials were combined with RE ions, they
showed significant improvements, especially in the study of a
near-infrared solid-state laser, optical sensing, amplification,
and thermometry.
As happened previously, various glass host matrices

incorporating RE ions were used in numerous studies to
enhance the desired properties. For example, Er3+ and Nd3+

codoping was used in lithium niobate-based tellurite glasses,
which showed admirable luminescence responses.55 Phos-
phate-based glasses were found to be an exceptional material as
a host, and Dy3+, Eu3+ doped, separately and in combination,
with sodium−zinc phosphate glasses could be appropriate for
solid-state lighting sources, because they showed a high
quantum efficiency (i.e., 96%) close to unity and yellow,
reddish-orange, and neutral/warm white light have been
produced successfully by varying doping concentrations
(Figure 6 depicts some measured features of this glass

Figure 3. (a) Photoluminescence intensity ratio of Gd3.67EuSi3O13 phosphor with respect to temperature, (b) absolute sensitivity (Sa), and relative
sensitivity (Sr) calculation from 300 to 510 K, (c, d) color coordinates, photographs, and electroluminescent spectra of the fabricated LEDs using
the same phosphor under 395 nm (c) and 460 nm (d) excitation. Reproduced from ref 79. Copyright 2021 American Chemical Society.
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matrix).34 The Ho3+-doped Y2O3 has also been reported to
show a green luminescence property upon the blue
excitation.89 The Sm3+ ion has also been doped with various
host matrices like tellurium oxide-based glasses,5 zinc oxide

nanostructured films,52 and lithium magnesium borate erbium
oxide-based glasses,90 and most of them are suitable for solid-
state lighting. Another RE ion Eu3+ has been doped with lead-
and bismuth-containing borate glasses,91 lithium aluminum

Figure 4. (a) Emission spectrum for Eu2O3-doped P2O5−SrO−BaO−ZnO (PSBZ) glass, (b) fluorescence decay curves of the same glass matrix,
and (c) chromaticity coordinates of glasses using a CIE 1931 chromaticity diagram. Reproduced with permission from ref 69. Copyright 2020
Elsevier.

Figure 5. Schematic of the energy transfer model between the donor and acceptor ions in various host materials. (a) Violet-Blue phosphor mixing
and (b) blue-green phosphor mixing. Reproduced from ref 86. Copyright 2020 American Chemical Society.
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phosphate glasses,92 and alkaline-earth zinc-phosphate
glasses,47 whereas the Eu2+ ion has been doped with CaAlSiN3
red-emitting nitride phosphors.54 The Tb3+ ion has been
doped with a ZnO nanophosphor (Figure 7 shows some
characteristics of this combination), which is also promising.93

All these materials showed noteworthy characteristics favorable
for a solid-state light emission. Some recent works are listed in
Table 3, which gives an idea of using RE ions in solid-state
lighting.
4.3.2. Prospects in Solid-State Optical Devices. The

previous section briefly discussed some applications of RE
ions in solid-state lighting technologies, and a few of them
showed huge prospects. For instance, the Sm2O3-doped
tellurium oxide-based glasses have shown an increased rigidity
and transition temperature with the increasing amount of
Sm2O3. Nine absorption bands were observed following the
excitation to various excited states. The Judd-Ofelt parameters
and spectroscopic quality factors further validate the higher
stability of the material to use as solid-state lasers, optical
storage, color displays, and subsea communications.5 A study
suggests that 1 mol % Eu3+-doped lead-containing borate
glasses are superior to bismuth-containing borate glasses in
terms of lifetime and quantum efficiency, thus making them
suitable for red light solid-state lighting applications excited by
a blue light.91

For a practical manufacturing of solid-state optical materials,
cost-effectiveness is an important issue. To mitigate this
problem, one study used the carbothermal reduction and
nitridation (CTRN) method. This method used cost-effective
and air-stable oxide raw materials entirely. Using this method,
they prepared CaAlSiN3:Eu

2+ nitride phosphors, which showed
bright red emissions, indicating the prospects of this material.54

Another study reported that the 0.5 mol % Dy2O3-doped
yttrium calcium silicoborate glasses had shown the maximum
intensity for blue, green, and reddish-orange emission excited

at 351 nm. So, this combination of glass material can become a
budding candidate for solid-state lighting applications.53

Further, 30 000 ppm Tm3+ and Dy3+ codoped tellurite glasses
have a bright and shiny white light emission due to the
maximum effective bandwidth (i.e., Δλ = 127 nm), emission
cross section (i.e., σem = 8.86 × 10−21 cm2), and internal gain
coefficient (i.e., σR(λ) = 6.3 dB/cm). These results are
convincing for futuristic applications of this material as a solid-
state laser.94

4.4. Laser. 4.4.1. Laser Applications. A laser is one of the
most widely used techniques, and it has applications in
numerous branches of materials science. Generally, materials
with a low phonon energy and nonlinear refractive index are
chosen as hosting materials for lasers. When the RE ions are
doped with appropriate host materials, they absorb photons,
and successful emission occurs at a precise energy range. The
fruitful combination of the host material and RE ions may
reduce the nonradiative loss by a multiphonon relaxation. As a
result, ample studies were found in a search for the proper
combination of these two.6,95

Among the various REO ions, Er3+ is the most attractive due
to its upconversion luminescence without using a sensitizer.
When excited by infrared radiation, it can successfully emit
distinctive colors such as blue, green, and red.57 Additionally,
the Er2O3 is now steadily substituting the conventional
regenerative repeaters in telecommunication applications
(i.e., fiber optics) due to their characteristic of seizing the
loss link by amplification.6 So, they have been extensively
studied with numerous host materials to modify the
spectroscopic properties. Some recent works were found
where the Er2O3 was doped with fluoroquaternary glasses,96

antimony oxide-based glasses,56 tellurite based glasses,95,97

biosilicate borotellurite glasses,6 yttria-stabilized zirconia
(YSZ) single crystals,57 willemite glass-ceramics,98 tungstate
tellurite glass fibers,62 etc. In some other works, the Er2O3 ion

Table 2. Non-White Light Optical Applications

specific applications used REOs REO composition refs

Strong red emission and light
emitting phosphors

Homogeneous Gd2O3:Eu
3+

core−shell microspheres
N/A Huang et al

. (2013)48

Red light emission Eu3+- and Gd3+-doped Y2O3
nanophosphors

N/A Vini et al. (2020)
49

Red photoluminescent com-
ponent in photonic devices

Eu3+-doped oxy-fluoro telluro-
phosphate glasses

(40-x) P2O5 + 20 TeO2 + 20 ZnF2 + 20 RO + x Eu2O3 (where R = Ca, Sr, and Ba and
x = 1)

Jha et al. (2019)
29

Red color center in display
devices and visible red laser
emission

Eu3+-doped alkali oxide modi-
fied borosilicate glasses

74.5 B2O3 + 10 SiO2 + 5 MgO + R + 0.5 Eu2O3 [where R = 10 (LiO2/Na2O/K2O) for
series A and R = 5 (Li2O + Na2O/Li2O + K2O/K2O + Na2O) for series B]

Reddy et al
. (2017)87

Red upconversion phosphor Er3+, Yb3+:ZnO-TiO2 phos-
phor

Ti/Zn/Yb/Er ratios of 1:1:0:0.06, 1:1:0.02:0.06, 1:1:0.06:0.06, 1:1:0.06:0.02, and
1:1:0.06:0.

Ohyama et al
. (2015)88

Orange LEDs and laser Sm3+-doped silicate-based
oxide and oxyfluoride glasses

25 Li2O + 5 Gd2O3 + 15 PbO + (55−x) SiO2: x Sm2O3 (LPOSm) and 25 Li2O +
5GdF3 + 15 PbO + (55−x) SiO2: x Sm2O3 (LPFSm) where x = 0.00, 0.01, 0.05, 1.00,
and 1.50 mol %.

Khan et al
. (2020)50

Orange emitting material Sm3+-doped barium sodium
borate glasses

10 BaO + 25 Na2O + (65−x) B2O3 + x Sm2O3 (where x = 0.00, 0.10, 0.50, 1.00, 1.50,
and 2.00 mol %).

Luewarasirikul et
al. (2017)2

Yellow laser, neutral white,
reddish-orange light sources
phosphor

Dy3+, Eu3+, and Dy3+/Eu3+-
doped sodium−zinc phos-
phate glasses

98 NaZn(PO3)3 + 2 Dy2O3, 98 NaZn(PO3)3 + 2 Eu2O3 and 96 NaZn(PO3)3 + 2 Dy2O3
+ 2 Eu2O3

Caldiño et al
. (2018)34

Reddish orange light emitting
material

Eu3+-doped P2O5−SrO−Ba
O−ZnO glasses

N/A Han et al. (2020)
69

Green light application Ho3+-doped bismuth-germa-
nate glasses

(40−x) GeO2 + 20 Bi2O3 + 20 Na2O + 10 Gd2O3 + 10 BaO + x Ho2O3 (x = 0.1, 0.5,
1.0, 1.5, and 2.5 mol %)

Prakash et al
. (2019)51

Yellow laser application Dy3+-doped K−Sr−Al phos-
phate glasses

(59-x/2) P2O5 + 17 K2O + (15−x/2) SrO + 9 Al2O3 + x Dy2O3 (where x = 0.1, 0.5, 1.0,
2.0, and 4.0 mol %)

Linganna et al
. (2014)84

Green fiber laser emission Tb3+/Yb3+ codoped tellurite
glasses

80 TeO2 + 10 ZnO + 10 Na2O (mol %) + 1 wt % Tb2O3 + x Yb2O3 (x = 1, 2, 3, and 4
wt %)

Zhou et al
. (2010)85

aN/A indicates not applicable.
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was codoped with another REO ion Yb2O3 in some host glass
matrices. For example, Ho3+/Er3+/Yb3+ was codoped in
bismuth-germanate oxide glasses,58 Er3+/Yb3+/Cr3+ was
codoped in phosphate-based glasses,59 Nd3+/Er3+/Yb3+/ was
codoped in fluorophosphate glasses,99 and Er3+/Yb3+ was
codoped in NbO3 ceramics.100

The other most-studied REO ion for lasing material is
Yb2O3. The main benefit of the Yb3+ ion is that it has a broad
energy gap (i.e., ∼1.27 eV) between the ground state (2F7/2)
and excited state (2F5/2). Furthermore, the codoping of a Yb3+

ion with a Nd3+ ion can create multiple excitation states that
will lead to the enhanced efficiency of the laser medium. So, it
can avert cross-relaxation and undesirable effects like excited-
state absorption processes. Moreover, it has a long lifetime
compared to other RE ions.101 These features are helpful for
mitigating nonradiative de-excitations (quenching to −OH
groups). A few studies (codoped with Er3+) were given in the
previous paragraph. Now Yb3+ has also been singly doped in

several host glass materials like yttrium aluminum garnet
(YAG) ceramics,63 tellurite glasses,102 double-clad fiber,103

phosphate glasses,101,104 fluorophosphate glasses,105 etc.
Furthermore, Yb3+ has been codoped with Ce3+ in alumi-
nosilicate fiber106 and Ce3+/P in fluoroaluminosilicate fiber.107

In other studies, Dy2O3 was doped with Li−Y borate
glasses,108 tellurium-borate glass phosphors,109 Sb−Mg−Sr
oxyfluoroborate glasses,110 etc. Some of these glass matrices
showed superior spectroscopic features, which will be
discussed in the next section. Table 4 summarizes the recent
works using REO ions as laser materials.

4.4.2. Prospects in Laser Applications. A number of host
glass matrix and REO ion combinations showed a bright
prospect for use as laser materials. For example, the Er3+-doped
YSZ single crystal demonstrated an effective upconversion
luminescence, slenderer energy distribution, and other
advantageous parameters for quality laser production.57 One
study used rice husk to extract biosilicate, and they have

Figure 6. (a) Normalized line-shape functions plot in the spectral overlap areas between Dy3+ emission bands (thin black line) and Eu3+ absorption
bands (thick blue line), (b) chromaticity coordinates in CIE 1931 chromaticity diagram, and (c) energy band diagram of Dy3+ and Eu3+ showing
the probable transitions between a Dy3+ and Eu3+ energy transfer. Reproduced with permission from ref 34. Copyright 2018 Elsevier.
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prepared Er3+-doped biosilicate borotellurite (BSBT) glasses.
In general, natural silicate is costly. As such 98% of the silicate
from rice husk was extracted for a cost reduction. This glass
also showed noteworthy spectroscopic properties with strong
green and weak red emission (at 380 nm), which are sound for
photonics and laser applications.6 Moreover, the Er3+-doped
ternary fluoroglasses (TeO2−ZnO-NaF-MoO2) showed re-
markable spectroscopic quality factors, refractive index, Urbach
energy, and radiative lifetime, which are favorable for using this
combination as a laser material.96 The improved refractive
indices and small phonon energies with a high emission cross
section (i.e., 4I13/2 →

4I15/2 transition of Er3+) recommend the
admirable spectroscopic features of Er3+-doped antimony
oxide-based glasses, proving their suitability for future
applications.56 When 2 mol % Er3+ was doped with the
65TeO2−15ZnO−10Na2O−5BaO−3La2O3 (TZNBL) glass
network, it showed a better thermal steadiness and weak
crystallization tendency along with optimum mechanical
features.95 These properties are useful in the fabrication of
an amplifier glass. Moreover, a detailed study (both
experimental and theoretical examinations for gain-switched
laser generation) on the Er3+-doped tungstate-tellurite fiber
showed noteworthy results in favor of a practical employ-
ment.62

Other REO ion Yb3+-doped glass matrices were found
promising for future applications. For example, the YAG
ceramics doped with Yb3+ showed an improved absorption and
emission cross section, which are encouraging for an industrial
manufacturing of high-power and ultrafast laser materials.63

The Nd3+ and Yb3+ codoped phosphate glasses showed an
effective energy transfer (Nd3+ → Yb3+), which is in good
agreement with the theoretical model. This also shows the
prospect of using it as multiple-pump channel lasers.101 Yb, Ce,
and P codoped fluoroaluminosilicate double-clad fiber showed
a better photodarkening (PD) suppression, which is admirable
for viable elevated power fiber lasers.107

The Dy3+ ion-doped glass matrices also possess a huge
prospect in laser applications as well. One mole percent Dy3+-
doped lithium yttrium borate (LiYBDy) glasses showed a
greater emission at low temperatures as well as better physical
(i.e., refractive index, density, and molar volume) and
luminescence (i.e., absorption and emission spectra) proper-
ties. The emission intensity varied linearly with temperature
and is making this material a suitable candidate for laser
medium and other applications.108 Additionally, multicompo-
nent tellurium borate (MTB) glasses doped with Dy3+ were
found effective in emitting a bright white light, while the color
coordinates and correlated color temperatures (CCTs) had a
solid reliance on pumping powers and phosphor size. As a

Figure 7. (a) Photoluminescence emission intensity of the ZnO:Tb3+ nanophosphor by varying the Tb3+ concentration, (b) plot of log(I/C) vs
log(C), (c) schematic energy-level diagram for ZnO:Tb3+. (d) The CIE diagram of ZnO:Tb3+ nanophosphors by varying the doping concentration
of Tb. Reproduced from ref 93. Copyright 2014 Elsevier.
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result, a laser-driven white light medium with an elevated
power density can be manufactured using this material.109

Moreover, 0.5 mol % Dy3+-doped antimony−magnesium-
strontium-oxyfluoroborate (BMFSrSbD) glasses demonstrated
promising results for white light laser applications.110

Among other REO-doped glasses, 0.75 mol % Sm3+-doped
20ZnO−10Li2O−10Na2O−60P2O5 glasses demonstrated ele-
vated emission cross-section and branching ratio parameters,
which showed better prospects for fiber optic amplifier and
visible laser applications.112 The Nd3+-doped yttrium oxide
showed a large branching ratio and radiative decay rate, which
are also promising for laser applications.114 Figure 8
demonstrates the visualized electron localization function
along with the crystal structure for yttrium oxide and Nd3+-
doped yttrium oxide.114

4.5. UV Optics. 4.5.1. UV Optical Applications. The REOs
have been applied in lower-scale UV-related applications
(Table 5). For instance, Gd2O3 was successfully employed in
multilayer coatings for varying UV wavelengths (i.e., 0.2−0.35
μm).115 The electron beam property of Gd3+ films showed a
substrate durability at low temperatures with a high band-
energy gap (i.e., 6.36 eV). The optical absorption-emission
properties of Dy3+ ions doped with oxyfluorotellurite glass
were explored at the visible-infrared wavelength region.14 The
integration of Dy3+ ions considerably improved the thermal
tolerance of the glass composite. The optical feature of Dy2O3
doped with borosilicate glasses was also tested via the
transmission of UV lights.116 The addition of Dy2O3 reduced
both the UV transmittance and band-energy gaps while
enhancing the refractive index. In addition, the Eu3+-doped
Lu2WMoO9 phosphors demonstrated enhanced excitation and
photoluminescence spectra with UV chips (i.e., 365 nm)
(Figure 9).7,8

4.5.2. Prospects in UV Optical Applications. The durability
and high energy gaps of Gd3+ film depositions were evident at
low substrate temperatures.115 The optothermal stabilities

make these composites attractive in constructing multicoatings
on materials, where maintaining the ambient room temper-
ature is warranted.
The phosphor (lutetium molybdenum oxides)-UV light

(365 nm) blend provided a red spectrum to the LED under the
influence of forwarding bias current.7,8 This attribute can
potentially be applied in phosphors-converted LEDs near the
UV region.

4.6. Nonlinear Optics. 4.6.1. Applications in Nonlinear
Optics. The photomodulated nonlinear optical features of
various REO-doped materials were reported in a few studies.
The Gd/Dy2O3 codoped with (K0.5Na0.5)NbO3 (KNN)
demonstrated nonlinear attributes in pulsed laser deposi-
tions.15 The enhanced tetragonal nanocrystalline structures of
the doped compound and the larger ratio of atoms/particles
had caused the third-order nonlinear optical response of the
synthesized thin films. The Dy2O3 had also been applied in
borosulfophosphate glasses, where the Dy3+-doped glass
composites demonstrated the nonlinear optophysical proper-
ties.64 The optical and physical parameters of the characterized
materials nonlinearly varied with the Dy2O3 concentrations.
The metallization characteristics of Sm3+-biosilica borotellurite
glass also demonstrated the nonlinear properties.9 Similarly,
two novel RE3+ (i.e., Gd3+/Y3+)-doped beryllium borates
exhibited nonlinear optical properties excited at less than 200
nm, as demonstrated in Figure 10.117

The properties of nonlinear refractivity and high thermal
stability (i.e., a strong bond of Eu−O) were evident in the
application of Eu3+ in ZnO boro-tellurite glass composites.65

The addition of Eu2O3 in molar concentrations decreased the
nonlinear susceptibility because of the enhanced electron
excitations. In a similar study, SiO2 and Dy2O3 were used as
refractory materials to prepare gold−bismuth borosilicate glass
nanocomposites.118 The addition of Dy3+ enhanced the
nonlinearity of glass-gold compounds. Some of these nonlinear
applications were summarized in Table 6.

Table 3. Solid-State Optical Device Applications

specific application used REOs REOs composition refs

Solid-state laser Er3+/Nd3+ codoped lithium
niobate tellurite glasses

(70−x−y) TeO2 + 15 Li2CO3 + 15 Nb2O5 + x Er2O3 + y
Nd2O3 with x = 0; 1.0 mol % and 0 ≤ y ≤ 1.0 mol %

Hasim et al
. (2016)55

Solid-state light technology Dy3+, Eu3+, and Dy3+/Eu3+-doped
sodium−zinc phosphate glasses

98 NaZn(PO3)3 + 2 Dy2O3, 98 NaZn(PO3)3 + 2 Eu2O3
and 96 NaZn(PO3)3 + 2 Dy2O3 + 2 Eu2O3

Caldiño et al
. (2018)34

Solid-state lighting Ho-doped yttrium oxide
phosphor

Y2−xHoxO3 (x = 0.005, 0.02, 0.04, 0.06, 0.08 and 0.10) Singh et al
. (2020)89

Tellurite glass-based optical devices (solid-state laser,
optical storage, undersea communication, color display,
etc.)

Sm3+-doped tellurium oxide
glasses

75 TeO2 + 5 Li2O + 10 ZnO + (10−x) Nb2O5 + x Sm2O3
where (x = 0.0, 0.5, 1.0, 1.5, 2.0, and 2.5 mol %)

Elkhoshkhany et
al. (2018)5

Solid-state lighting Sm2O3/ZnO nanostructured
films

N/A Matei et al
. (2013)52

Solid-state white lighting Dy3+-doped yttrium calcium
silicoborate glasses

25 Y2O3 + 10 CaO + 10 SiO2 + (55−x) B2O3 + x Dy2O3,
where x = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5 mol %

Chanthima et al
. (2016)53

Solid-state laser Tm3+/Dy3+ codoped tellurite
glasses

90 TeO2 + 10 Nb2O5 + 10 ZnO in mol % + x (Tm2O3/
Dy2O3), where x = 10,000, 20 000 and 30 000 ppm

Algarni et al
. (2018)94

Red light solid-state lighting Eu3+-doped lead and bismuth
containing borate glasses

10 La2O3 + 50 HMO + (40−x) B2O3 + x Eu2O3 (with
x = 0, 0.5, 1, and 2 mol % and HMO = PbO, Bi2O3)

Ramesh et al
. (2020)91

Solid-state lighting Eu2+-doped CaAlSiN3 nitride
phosphors

Ca0.9AlSiN3: 0.1Eu
2+ nitride phosphors with variable C/O

molar ratios (1.15, 1.19, 1.23 and 1.27)
Yang et al
. (2016)54

Solid-state laser (reddish orange regions) Eu3+-doped lithium aluminum
phosphate glasses

15 Li2O + 20 Al2O3 + (65−x) P2O5 + x Eu2O3 (where
x = 0.0, 0.1 0.5, 1.0, and 2.0 mol %)

Chanthima et al
. (2018)92

Red photoluminescent for solid-state light Eu3+-doped alkaline earth zinc-
phosphate glasses

(40−x) ZnO + 35 P2O5 + 20 RO + 5 TiO2 + x Eu2O3
(where x = 1 mol % and R = Mg, Ca, Sr, and Ba)

Jha et al. (2016)
47

Solid-state laser, telecommunication, and radiation
shielding

Sm2O3 codoped lithium
magnesium borate erbium
oxide glasses

30 Li2O + (59.5−x) B2O3 + 10 MgO + 0.5 Er2O3 + x
Sm2O3 where x = 0, 0.3, 0.5, 0.7, and 1.0 mol %

Mhareb
(2020)90

aN/A indicates not applicable.
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ń
et

al
.(
20
14
)1

04

ACS Applied Electronic Materials pubs.acs.org/acsaelm Review

https://doi.org/10.1021/acsaelm.1c00682
ACS Appl. Electron. Mater. 2021, 3, 3715−3746

3726

pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.1c00682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


4.6.2. Prospects in Nonlinear Optics. The higher order of
optical nonlinearity is a key property in optoelectronics. The
third-order optical nonlinearity of a KNN crystal composite
with a large band energy and biggish optical transmittance and
dielectric constant, therefore, makes it well-suited for nonlinear
photonics.15 The Dy2O3 concentrations significantly amelio-
rated the density of the glass structure.64 The high band energy
gap (2.120−3.376 eV) and nonlinear refractive indices also
indicate Dy2O3 as a suitable substitute for P2O5 in nonlinear
optoelectronic applications. The Dy2O3 also prevented the
surface coagulation of the gold−bismuth borosilicate glass
composites while preserving structural integrity at high
temperatures.118 It can therefore show a prospect as an
excellent stabilizer in nonlinear optoelectronic devices as well.
An augmented number of nonbinding oxygens with the

addition of Eu oxides suppressed the band-energy gap of
Eu2O3-glass composites.65 The high thermal stability and
nonlinear refractivity also demonstrate the promising prospect
of Eu2O3 in fiber optics and laser applications. The
demonstrated properties of REO composites are, therefore,
expected to have a promising potential to increase the
nonlinear characterizations in optical device applications.

4.7. NIR Optics. 4.7.1. NIR Optical Applications. The
REOs have shown effective photoluminescence properties at
the NIR range in a few studies (Table 7). For example, the
sensitizer feature of Yb2O3 was exploited in Bi-doped
borophosphate glasses at the NIR (i.e., 976 nm) excitation.10

The strong absorption capacity of Yb3+ greatly enhanced the
photoillumination of the glass composites.
The optothermal properties of phosphate glasses were

sensitive at the NIR (i.e., 1510−1550 nm) emissions with
the addition of Er2O3.

66 The prominent gain coefficient and
solubility of Er3+-glass composites led to the enhanced
photoluminescence in the NIR region. Further, the Tb3+-
doped Dy2O3 nanostructures were employed in multimodal
contrast agents in magnetic and optical imagery.119

4.7.2. Prospects in NIR Optical Applications. The observed
properties of several REOs discussed in the previous sections
have a high potential for laser applications. For instance, the
properties of a stronger (i.e., ∼37 times) photoluminescence
intensity at the NIR and longer lifetime (i.e., 8 times) due to
the addition of Yb2O3 in Bi-doped borophosphate glasses can
be capitalized in tunable laser applications.10

The single-phase bimodal contrasting effect of Tb3+-Dy2O3
nanocrystals119 can be potentially applied in high-field (i.e., 7.0
T) magnetic and fluorescent nanoprobes. The Er3+-phosphate
glasses achieved a high luminescence at higher wavelengths
(i.e., 1510−1550 nm).66 These Er3+-doped glasses, therefore,
can be used in laser applications and in the generation of green
lights as well.

4.8. Optoelectronics. 4.8.1. Optoelectronics Applica-
tions. The REOs were effective in a few optoelectronic studies
(Table 8). The Eu3+ was used in a boro-tellurite glass synthesis
for a photoluminescence demonstration. The noncrystalline
surface morphology led to the emission of five distinct bands at
the 394 nm wavelength, as depicted in Figure 11.11 In a
different study, the Eu3+ ion was used as a sputtering material
on soda-lime glass substrates alongside two codopants (i.e.,
Lu3+ and Ga3+).120 The uniform nanostructures and lucid
surface caused the high phototransmission (i.e., 83%) within
the visible range and large band energy gap (i.e., 3.96 eV).
Moreover, the Yb3+-La2MoWO9 at room temperature demon-
strated an intense luminescence by forming a novel cubicT
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structure. The self-quenching and the creation of vacancies
into the structures led to this enhanced luminescence as
demonstrated in Figure 12.121

The Er3+ ion was applied as a dopant in photoactive glass-
ceramics.16 The higher chemical attraction between Er3+ and a
glass structure and an improved thermal stability led to
multiphase crystallizations. In addition, the incorporation of
Er2O3 significantly increased the specific surface area (SSA) of
Er3+-TiO2 films.67 This is attributable to the increased
electrolytic concentrations that induced the enhancement of
electrostatic repulsion and limited aggregation.
4.8.2. Prospects in Optoelectronics Applications. The

nanosized (i.e., ∼14 nm) crystalline morphology and high SSA
(i.e., 152−174 m2/s) of the highly stable Er3+-TiO2 films67

showed the potential for optoelectronic applications, that is,
gas sensing. The addition of Er3+ improved the crystal structure
(i.e., hexagonal) of Er3+-ZnO.68 The increased size and lattice
strains of the synthesized nanorods highlight the new
functional trait of Er3+. The enhanced photoluminescence
emissions (i.e., 3 and 8 times, respectively) from 4S3/2 and

4F9/2

states create an opportunity for constructing novel optoelec-
tronic materials using Er3+ as an effective dopant as well. The
multiphase crystallizations of Er3+-oxyfluoride glass composites
demonstrated the larger chemical affinity of Er3+ to the silicate-
glass network compared to La3+.16

The noncrystalline structure of Eu3+-boro-tellurite glasses
and enhanced photoluminescence spectra of red emission with
an increasing Eu3+ 11 revealed the potential use of Eu3+ in

making photoluminescence optical devices. The high optical
transmission and light absorption capacity of Eu3+ soda lime
glass compounds120 will be beneficial for devices at a high
operating temperature and enhanced speed optoelectronic
devices (i.e., radar and LED).

4.9. Optical Fiber. 4.9.1. Optical Fiber Applications.
REOs were also used in different glass networks for their opto-
modification properties (Table 9). Yb2O3 was applied in fiber-
laser operations where silica glasses (SiO2−Al2O3−La2O3)
(SAL) worked as core materials.17 The Yb3+-SAL glass
composite also exerted a higher nonlinearity and refractive
index (i.e., 1.5−1.7) compared to SiO2. The Yb2O3 was utilized
as a modifier in investigating the thermal and mechanical
properties of alkali-free aluminoborosilicate glass composites.18

The addition of Yb3+ significantly attenuated the dielectric
constant (from 4.96 to 4.52) and thermal expansion
coefficient. The effective penetration of Yb3+/Ho3+ ions into
the Bi4Ti3O12 lattice further demonstrated enhanced optical
properties with an extraordinary repeatability at higher
temperatures (Figure 13 and Figure 14).122 Further, Er3+ was
used for a nonlinear opto-fiber enhancement in rice husk
silicate-borotellurite nanocomposites.19 The higher molecular
weight of Er3+ caused the increased density (i.e., 4.1900−
4.6003 g cm−3) of the glass composite.

4.9.2. Prospects in Optical Fiber Applications. An
improved doping level compared to that of La3+ and the
reduced photodarkening effect of Yb3+-SAL glasses make it a
potential alternative to commercially produced pure silicate

Figure 8. Visualized electron localization function (ELF) of (a) Y2O3 and (b) Nd:Y2O3 crystals and the ELF of the (010) plane for (c) Y2O3, (d)
Nd:Y2O3, and (e) calculated branching ratios of the promising ED transitions for Nd3+ in Y2O3. Reproduced from ref 114. Copyright 2020
American Chemical Society.

Table 5. UV Optical Applications

specific applications used REOs REOs composition refs

Ultraviolet Laser Electron beam deposited
Gd2O3 films

N/A Sahoo et al
. (2003)115

UV transmission and the optical energy gap,
increase the refractive index

Dy3+-lead alkali borosilicate
glasses

60 PbO + (40−x) SiO2 + x (0.1 Li2O + 0.86 B2O3 + 0.04
Dy2O3) (where 0 ≤ x ≤ 30%)

Shaaban et al
. (2019)116

Near UV LED Eu3+-lutetium molybdenum
oxides

N/A Cao et al
. (2019)7

UV LED Eu3+-lutetium tungsten
molybdenum oxides

Lu2WxMoyO9 (x + y = 2) Cao et al
. (2020)8

UV-excited visible phosphors Dy3+-oxyfluorotellurite
glasses

(65−x) TeO2 + 20ZnF2 + 12Pb2O5 + 3Nb2O5 + xDy2O3
(x = 0.5, 2, 5 mol %)

Klimesz et al
. (2015)14

aN/A indicates not applicable.
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glasses (Suprasil F300).17 The increased transition temper-
ature of glass (i.e., reduced viscosity) and softening points due
to the addition of Yb3+ 18 also suggest potential applications in
an elevated temperature glass fiber melting and drawing
process.
The infrared light of higher wavelength (i.e., 1550 nm)

emission invokes the notion that the Er3+-glass materials12 can
be a pronounced optical waveguide for numerous optical-fiber
applications. The high refractive index (i.e., 2.6050−2.6794)
and metallization metric (i.e., 0.3268−0.3414) of Er3+-
borotellurite nanocomposites19 suggest that the Er3+ has high
potentials in optical-fiber amplifications.

4.10. Display and Luminescence. 4.10.1. Applications
as Display and Luminescence. REOs recently achieved
considerable attention in various photoluminescence display
studies (Table 10). The enhanced photoluminescence and
quenching impact of Er3+ were utilized in borate glasses.70 The
luminescence amplification was observed at 980 nm because of
the quenching effect of Er3+ concentrations. Moreover, the Er3+

was used as a multifunctional dopant in both (Li,K,Na)NbO3
(Li-KNN)3 and (K,Na)NbO3

123 ceramics. The addition of
0.5% Er2O3 significantly improved the ferro- and piezoelectric
properties (i.e., due to the doping impact of the donor) of the
ceramic synthesis and resulted in an intense photolumines-

Figure 9. (a) Energy level and probable energy process diagram of MoO6
6−, WO6

6−, and Eu3+, (b) photoluminescence decay plots of Eu3+-doped
Lu2W2O9, Lu2WMoO9, and Lu2Mo2O9, (c) temperature-reliant photoluminescence excitation spectra (i.e., 613 nm) of Eu3+-doped
Lu2W1.4Mo0.6O9, and (d) photoluminescence excitation intensities and the intensities vs temperature ratio of Lu2WMoO9. Reproduced with
permission from ref 8. Copyright 2019 Elsevier. (e) Temperature-dependent emission intensity of Eu3+ as a function of wavelength, (f) wavelength-
dependent emission intensity of Eu3+-doped Lu2 (MoO4)3 as a function of temperature, and (g) normalized photoluminescence of LED lamps for
50 mA. (insets) (I) LED lamp, (II) chromaticity diagram, and (III) phosphor excited at 365 nm. Reproduced with permission from ref 7.
Copyright 2019 Elsevier.

ACS Applied Electronic Materials pubs.acs.org/acsaelm Review

https://doi.org/10.1021/acsaelm.1c00682
ACS Appl. Electron. Mater. 2021, 3, 3715−3746

3729

https://pubs.acs.org/doi/10.1021/acsaelm.1c00682?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00682?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00682?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00682?fig=fig9&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.1c00682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


cence. Additionally, the codoping of Er3+ with Yb2O3 greatly
improved the upconversion intensity of the (K,Na)Li0.04NbO3

host material (as demonstrated in Figure 15 and Figure 16)
when compared with only Er3+-doped samples.124

In a different study, the Mg-borate glass properties were
found to be sensitive to Dy3+ concentrations.125 The 0.7%
Dy3+ was hypersensitive at 1260 nm. Besides, the Eu3+ was also
efficiently employed in quaternary glasses for its photo-
luminescence and laser features.4 The multiphonon relaxation
phenomenon increased the photoluminescence intensity of the
red emission at 614 nm.

4.10.2. Prospects in Display and Luminescence Applica-
tions. The unique features of REOs suggest potential
applications of these materials in optical displays. For instance,
the optical properties of Eu3+-quaternary glasses, that is,
intense red emission and longer half-life (i.e., ∼2.8 ms),4 are
suitable for glass-laser applications near the visible red
spectrum (i.e., 614 nm). The increased photoluminescence
peak of Er3+-borate glasses at 980 nm70 indicates a high
prospect in long-range photoamplification applications (i.e.,
broadband telecommunication). Further, the improved ferro-
and piezoelectric properties of Er3+-Li/KNN ceramics3,123

Figure 10. (a) Platelike (i.e., polyhedral) superlayer structures of RE3+-Be2B5O11 (RE
3+ = Y or Gd), (b−d) neighboring layer connections through

RE3+ (i.e., Y or Gd) in coordination with O atom, (e−i) superlayer connections and projections of groups in YBe2B5O11, (j) second-harmonic
generation signal measurements of (j) YBe2B5O11, and (k) GdBe2B5O11 as a function of particle size. Reproduced from ref 117. Copyright 2014
American Chemical Society.

Table 6. Applications in Nonlinear Optics

specific applications used REOs REOs composition refs

Nonlinear photonic
application

Gd/Dy2O3-(K0.5Na0.5)NbO3 N/A Peddigari et al
. (2016)15

Nonlinear optics Sm3+-biosilica borotellurite glass {[(TeO2)0.7 (B2O3)0.3]0.8 [SiO2]0.2}1−x {Sm2O3 NPs}x where
x = 0.01 to 0.05

Aysikin et al
. (2020)9

Nonlinear optics
applications

Dy3+-borosulfophosphate glasses 15Li2O + 30B2O3 + 15SO3 + (40−x)P2O5 + xDy2O3 (0 ≤ x ≤
1:0 mol %

Bulus et al. (2017)
64

Nonlinear optical device Eu3+-doped with ZnO-boro-tellurite glass 24B2O3 + (25−x)ZnO + 51TeO2, xEu2O3, mol % (where
x = 0.0, 0.5, 1, and 3%)

Ali et al. (2017)65

Nonlinearity for optics SiO2 and Dy2O3 doped with gold−bismuth
borosilicate glass

(50−x)Bi2O3 + 30H2BO3 + 20SiO2 + xDy2O3 (x = 0.0 and 1.0
mol %)

Singla et al. (2019)
118

aN/A indicates not applicable.

Table 7. NIR Optical Applications

specific applications used REOs REOs compositiona refs

NIR Luminescence Bi/Yb3+ codoped with boro-
phosphate glasses

N/A Sheng et al
. (2014)10

NIR Light Er3+ doped with phosphate glasses 50P2O5 + 30ZnO + 20CdO + 30000pp Er2O3, and 50P2O5 + 30ZnO +
20SrO + 30,000 ppm Er2O3

Afef et al
. (2017)66

Nanocrystals for MRI and
fluorescence

Tb3+-doped Dy2O3 nanocrystals N/A Das et al. (2011)
119

aN/A indicates not applicable.
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caused by the addition of Er2O3 indicates great potential in
multifunctional device applications as well.
The elongated luminescence (i.e., 2.61 ms) and reddish

emission from Eu3+-phosphate glasses show potential implica-
tions in display devices and plant lighting.69 The intense
photoluminescence of Dy3+-Mg-borate glasses in the visible
spectra125 can also be useful in diverse technological, that is,
solid-state laser, applications.
4.11. Miscellaneous. 4.11.1. Miscellaneous Optical

Applications. The REOs are acquiring a rising traction in
optics industries because of their excellent photocatalytic traits.
The Nd-TiO2 composites20 and synthesized Gd2O3

21 had

exhibited remarkable photoluminescence properties in degrad-
ing organic substrate. The application of REOs was also
evident in thermal imaging,22,23 where the ZnO-Eu2O3
composite enhanced the photoluminescence property because
of the heterogeneous surface. The synthetic Eu2O3 nano-
particles were proven effective as an illuminating label for an
atrazine detection.126 The hydrothermally fabricated Eu/Tb
(Bisphenol A)3phen nanocomposites had demonstrated a
remarkable thermal stability up to 334 °C.24 The stable Eu/
Tb2O3 also exhibited color spectra under the influence of an
ultraviolet irradiance (350 nm). The heat tolerance and co-
photoluminescence color adjustability of the REOs, therefore,

Table 8. Optoelectronics Applications

specific
applications used REO materials composite refs

Optoelectronics Er3+ doped with TiO2 N/A Mohammadi et al
. (2006)67

Optoelectronics Eu3+-Pb-borotellurite glasses (70−y)(B2O3) + 15TeO2 + 5PbO + 10Na2O + yEu2O3 (y = 0, 0.1, 0.2,
0.3, 0.4, and 0.5 mol %)

Devaraja et al
. (2020)11

Optoelectronics Er3+-ZnO nanorods N/A Achehboune et al
. (2019)68

Optoelectronics Er3+-oxyfluoride glass−ceramics 55SiO2 + 17Al2O3 + 5Na2F2 + 8Na2O + 10GdF3 + 5BaO Sroda et al. (2015)16

Optoelectronic
devices

Eu3+-soda lime glass substrates codoped with
Lu3+ and Ga3+

N/A Mandal et al. (2020)
120

aN/A indicates not applicable.

Figure 11. (a) Emission spectra of Eu3+-Pb-borotellurite (LBTE) glasses, (b) the asymmetric ratio of LBTE with Eu3+, and (c) the
photoluminescence intensity of LBTE with Eu3+. Reproduced with permission from ref 11. Copyright 2020 Elsevier.
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underscore the potential applications in optoelectronic probes.
Among REOs, the Er2O3 is diverse and showed high chemical
and mechanical stabilities with inorganic host materials, that is,
silica.71 The hybrid mesoporous composites and the outer
surface modification, respectively, increased the luminescence
longevity (2.42−4.93 μs) and relative intensity (35−97%) of
Er2O3 in an image analysis. Such applications of REOs are
referred to in Table 11.
Gd2O3 with other codoped REOs (i.e., La3+, Dy3+, Y3+, Yb3+,

etc.) was used as a protective layer to obtain a high
photoluminescence efficiency for plasma display panels
(PDPs) of an alternating current (AC).25 A similar
antireflective attribute of Gd2O3 was also observed where a
Cr and Cu addition improved the absorption of the thin
films.127 The hydrolysis-aided synthesized Eu3+-Y2O3 nano-
particles (i.e., 7−14 nm) were applied in a phosphors
application with 1% Eu3+.128 The increased particle size

bettered the crystal structures that also enhanced the
photoluminescence intensity with the annealing temperature.
Additionally, an enhanced thermoluminescence signal was

observed in phosphate glasses due to the addition of Dy3+/
Gd2O3.

129 The incorporation of Dy3+/Gd3+ significantly
influenced the electron trap structures in the glass composite.
The Dy3+ was doped with alkali fluoroborate glass composites
for the generation of low-cost while light.130 The Dy2O3
worked as a potent modifier that converted BO3 to BO4
without producing a nonbridging oxygen. Furthermore, the
polycrystalline Dy2O3 was applied in a metal halide lamp as a
potential arc tube material (Figure 17).72

Eu2O3 has also been used in different phosphors. For
example, the Eu3+ ion was doped in the production of a γ-
aluminum oxynitride (γ-AION) phosphor.131 The solid-state
reaction led to the formation of an AION-0.25% mol Eu3+

phosphor that demonstrated two dominant spectra of 410 and

Figure 12. (a) Conjunctive luminescence spectrum of the Yb3+-Yb3+ pair, (b) plot of luminescence intensity vs time of Yb3+-La2MoWO9 at room
temperature, (c) concentration-dependent decay of Yb3+-La2MoWO9 considering both self-trapping and self-quenching, and (d) concentration-
dependent decay considering only self-quenching. Reproduced from ref 121. Copyright 2017 American Chemical Society.

Table 9. Optical Fiber Applications

specific applications Used REO materials composite refs

Optical Fiber Amplification Er3+-barium lithium fluoroborate
glasses

(70−x) H3BO3 + 10Li2CO3 + 10BaCO3 + 5CaF2 + 5ZnO + xEr2O3
(x = 0.05−2 in wt %)

Mariselvam et al
. (2019)12

Passive and active optical
fibers

Yb3+-SiO2−Al2O3−La2O3 N/A Litzkendorf et al
. (2012)17

glass fiber melting and drawing
process.

La3+/ Pr3+/ Gd3+/Yb3+-
aluminoborosilicate glasses

xLa2O3 + xPr2O3 + xGd2O3 + xYb2O3 (x = 1.5 mol %) Zhang et al. (2020)
18

Fiber optic amplifier Er3+-borotellurite glasses {[(TeO2)0.7 (B2O3)0.3]0.8 (SiO2)0.2}1−x (Er2O3 NPs)x; x = 0.01−
0.05

Umar et al. (2019)
19

aN/A indicates not applicable.
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475 nm. The Eu3+-barium glasses exhibited a high quantum
yield of scintillations.74 The concentration quenching effect
due to the addition of Eu2O3 significantly increased the
photoluminescence intensity of the glass composites. The Eu3+

with other low-cost oxide raw materials (i.e., SrCO3 and SiO2)
were applied in the synthesis of nitride phosphors.132 The red
luminescence of the phosphor was achieved at a controlled C/
O ratio (i.e., 1.5).

Besides an image analysis, the incorporation of Er2O3
nanoparticles in borotellurite glasses showed potential for
optical amplification.19 Borate glass is an important host
material for optical applications. The Er3+-sodium borate glass
composites displayed multiluminescence emission peaks within
the visible range (i.e., 401−700 nm).133 The optical and
spectroscopic traits of Er3+ codoped with Yb2O3 were utilized
in photothermo-refractive (PTR) glasses.134 The kinetics of

Figure 13. (a) The reflectance of a Yb/Ho-doped Bi4Ti3O12 sample at different wavelengths, (b) power-dependent upconversion intensity of that
sample, (c) wavelength-dependent logarithmic intensity, (d) energy-level scheme and excitation tract, (e) temperature-dependent upconversion
intensity at 980 nm excitation, (f) temperature-dependent upconversion intensity between 549 and 661 nm, (g) temperature-dependent relative
and absolute intensity, and (h) the temperature precision of fabricated materials. Reproduced from ref 122. Copyright 2020 American Chemical
Society.
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the crystalline composites showed the highest quantum
efficiency at 1.53 μm for 0.1% Er3+ and 1% mole Yb3+,
respectively. Moreover, the nanolaminate films (i.e., Er3+-
doped Yb oxides) were constructed on silicon-based LEDs.135

The presence of Yb2Si2O7 resulted in an enhanced photo-
luminescence, whereas the limited conduction of electrons
suppressed the electroluminescence. In addition to the Er3+

concentration, the color coordinates (i.e., fluorescence
intensity) of Yb3+/Er3+-doped gadolinium gallium garnet
(GGG) color tunable crystals were affected by the optical
temperature (Figure 18) and the crystalline size (Figure
19).136

The fluoroaluminosilicate optical fiber codoped with Yb3+/
Ce3+/P2O5 demonstrated a magnificent photodarkening
inhibition.107 The coordination of Al/P increased the solubility
of codopants in the core materials, which resulted in an

enhanced photodarkening resistance. In addition, the semi-
conductor attributes of Ce3+-modified TiO2 nanotubes
(TNTs) were reported.137 The Ce3+-modified TNTs (i.e.,
energy gap 2.92 eV) demonstrated an increased photocurrent
reaction under the visible spectrum. Furthermore, the chemical
stability of Ce2O3 was employed on the chemosynthesis of
low-cost nanocrystalline ceria (i.e., CeO2) films.138 The
incorporation of Ce3+ improved the crystallization of the
films at an optimum annealing temperature of 500 °C.

4.11.2. Prospects in Miscellaneous Optical Devices. The
photocatalytic activities of different REOs in the optics
industry were discussed in the application section and can be
capitalized across various vital sectors. The Nd-TiO2 doping
was a one-step hydrothermal process and did not require any
postsynthesis.20 The homogeneous hydrolysis of TiSO4 and
the high SSA of mesopores (i.e., 256 m2/g) can be utilized in a

Figure 14. (a) The optical scheme based on a Yb/Ho-doped Bi4Ti3O12 sensor, (b) temperature-dependent upconversion intensity of the Bi4Ti3O12
sensor between a cooling and heating system, (c) the repetition of the cooling and heating cycle, and (d) the fluctuation in sensor readings at fixed
temperatures. Reproduced from ref 122. Copyright 2020 American Chemical Society.

Table 10. Applications in Displays and Luminescence

specific applications used REO materials compositea refs

Optical display Eu3+-quaternary glasses 20SrO + 5CaO + 40Li2O + (35−x) B2O3 + xEu2O3 (x = 0.3, 0.5, and
1 mol %)

Venugopal et al
. (2020)4

Display glass Eu3+-phosphate glasses N/A Han et al. (2020)69

Multifunctional device
(luminescence)

Er3+-(Li,K,Na)NbO3
ceramics

[Li0.04(K0.49Na0.51)0.96]NbO3 + x Er2O3 (x = 0, 0.25, 0.5, 0.75, 1 mol %) Zhao et al. (2016)3

Intense luminescence Dy3+-magnesium borate
glasses

N/A Ichoja et al. (2018)125

Enhanced luminescence Er3+-borate glasses 20ZnO + 20PbO + (20−x)Bi2O3 + xEr2O3 + 40B2O3 (x = 0,0.1,0.5,1,2,
3 mol %)

Madhu et al. (2020)70

Multifunctional device
(luminescence)

Er3+-(K,Na)NbO3 ceramics N/A Zhao et al. (2016)123

aN/A indicates not applicable.
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large-scale industrial photocatalyst production. The easy
manufacturing, unvarying internal morphology with high
purity, and strong photocatalytic properties of Gd2O3 micro-
spheres21 indicate the promising aspect of a low-cost and
environmentally friendly alternative of Degussa P25. The
reciprocal relation between the photocatalytic intensity of
ZnO-Eu2O3 and temperature22 implies a potential of temper-
ature-dependent photoelectronics applications. The atrazine
detection using a derivatized Eu2O3 as an illuminating label126

has potential in the microbial conjugation of water bodies to

limit contaminations. The introduction of Er3+ impurities led
to an increased density and improved spectroscopic properties
of the Er3+-TiO2 barium glass149 and can be useful for optical
applications. The density and refractive index were greater for
the Er2O3 nanoparticles-zinc borotellurite glass compared to its
original counterpart,148 suggesting a potential for nano-
photonic applications. Moreover, the potent photocatalytic
activity (both in duration and magnitude) of Er2O3-silica

71 also
highlights the potential in thermal imaging for a clinical
diagnosis.

Figure 15. (a) Upconversion spectrum of Yby/0.5Er:KNLxN (x = 0.04; y = 0−5), (b) red-green emission intensity at different doping
concentrations, (c, e) upconversion intensity at different wavelengths, and (d, f) logarithmic intensity vs logarithmic power at different wavelengths.
Reproduced from ref 124. Copyright 2020 American Chemical Society.
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Sm2O3 is also of great interest because of its unique physical
and optical properties. For instance, the noncrystalline
structure of Sm3+-tellurite glass ceramics, increased photon
interaction, and reduced half-layer values indicate the prospect
of fabricating shielding materials against γ-radiation.143

Samarium codoped with ZnO-tellurite glass materials showed
an enhanced absorption.140 The physical properties (i.e.,
density and molar volume) and photoluminescence spectra
(i.e., excited at 452 nm) of four bands suggest a potential for
building different optical devices. Apart from that, the Sm3+-
alkali-bismuth germanate glass composite demonstrated a vivid
orange-red spectrum excited at 405 nm.142 The chromaticity
diagram suggests a potential for color-tunable optical display
applications as well. The incorporation of an L-lysin surfactant
into Sm3+/Eu3+-poly(methyl methacrylate) (i.e., three-dimen-
sional (3D) ordered macroporous (3DOM)) improved the
SSA and UV-optical absorption compared to their counter-
parts.141 These physical properties and the 3DOM structures
will be useful for optical and nonuniform catalysis applications.
In addition, the enhanced photoluminescence (i.e., nonexpo-
nential) and shortened lifespan of Sm3+-fluorosilicate glasses
clearly entail the photonic applications of tilted glasses.144

The unique feature, that is, modified/tunable photo-
luminescence, allows Dy3+ to be used in different phosphors
and optical device applications. The Dy3+/Eu3+ calcium
boroaluminate glass composites, for instance, showed a
modified emission (i.e., white to red) due to the incorporation
of Eu3+ concentrations.73 The unaltered lifetime and combined

emission will be useful to achieve smart lighting like the
circadian light cycle. The simultaneous emission of Dy3+ and
Eu3+ (at 390 nm) was evident from Dy3+/Eu3+ tellurite glass
materials.145 The emission color was hinged on the Dy/Eu
ratio; hence, it is suitable for fabricating color-tunable
phosphors. An effective yellowish-white photoluminescence
of Dy3+ was evident in Ge-tellurite glass.78 The incorporation
of Ag nanoparticles into the glass composite significantly
enhanced (i.e., by 29%) the emission intensity and can be
considered a good candidate for high-quality lightings.
In an earlier study, the nanostructured CeO2−x films showed

unique physical and mechanical properties.150 These proper-
ties significantly affect the dielectric function at the UV and IR
emission spectra and, therefore, will be useful for developing
optical devices with good mechanical performances.
The Yb3+-silicate glass demonstrated an improved absorp-

tion and shortened lifetime.152 These attributes can potentially
lead to a limited concentration quenching and improved laser
performance and, therefore, are good candidates for high-
performance photonic crystal laser applications. The non-
appearance of co-operative photoluminescence and optical
attributes (i.e., improved absorption and reduced lifetime) of
Yb3+-phosphate laser glass showed prospects for a photonic
device application.153 In addition, the thermally stable and low-
cost Eu2+-doped β-Sialon phosphors can be a promising
prospect in producing UV-based green LEDs.146

Figure 16. (a) Upconversion luminescence mechanism of Yby/0.5Er:KNLxN (x = 0.04; y = 0−5) and (b) upconversion flowcharts of green and
red lights. Reproduced from ref 124. Copyright 2020 American Chemical Society.
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Table 11. Miscellaneous Optical Applications

specific applications used REO materials composite refs

Production of low-priced
photocatalytic nanoparticles

Nd3+-TiO2 N/A Stengl et al. (2009)
20

Photooxidation of methyl orange Gd2O3 hollow microspheres N/A Jiang et al. (2016)
21

Enhanced visible-light photocatalyst ZnO−Dy2O3 N/A Josephine et al
. (2014)139

Fluorescence low-temperature
thermal imaging

ZnO-Eu2O3 N/A Rauwel et al
. (2016)22

Low-temperature thermal imaging
using photoluminescence

ZnO-Eu2O3 N/A Rauwel et al
. (2014)23

Optical and electronic devices,
fluorescent probe and labels

Eu/Tb(Bisphenol A)3phen N/A Xie et al. (2018)24

Optical amplification and medical
diagnosis

Composites of Er2O3 and silica N/A Yu et al. (2013)71

Luminous efficiency (plasma display) Gd2O3 codoped REOs (i.e.,
La3+, Dy3+, Y3+, Yb3+)

N/A Koiwa et al. (1996)
25

Optical device (absorption-emission) Sm3+-Zn tellurite glasses (80−x) TeO2 + 20ZnO + xSm2O3 (0.0 ≤ x ≤ 1.5 mol %) Tanko et al
. (2015)140

Optics Sm3+/ Eu3+-poly(methyl
methacrylate)

N/A Zhang et al. (2011)
141

Tunable color display Sm3+-alkali-bismuth germanate
glasses

(40−x) GeO2 + 20 Bi2O3 + 20Na2O + 10BaO + 10Gd2O3 +
xSm2O3 (x = 0.05−2.5 mol %)

Prakash et al
. (2019)142

Tellurite glass application Sm3+-tellurite glass ceramics 65TeO2 + 25Na2O + (10−x) NdCl3 + xSm2O3 (0.0 ≤ x ≤ 2.5
mol %)

Al-Hadeethi et al
. (2020)143

Phosphor applications Eu3+-Y2O3 N/A Srinivasan et al
. (2010)128

Photonic absorption of fluorosilicate
glasses

Sm3+- fluorosilicate glasses N/A Linganna et al
. (2015)144

Antireflective thin films with
enhanced absorption

Dy2O3 with Cr/Cu N/A Ramay et al
. (2018)127

Good thermoluminescence for beta
radiation

Dy3+/Gd3+-phosphate glasses N/A Gasiorowski et al
. (2020)129

Alkali Fluoroborate Glasses for
WLEDs

Dy3+-fluoroborate glasses 10K2O + 10BaO + 10ZnF2 + (70−x) B2O3 + xDy2O3, (x = 0.1−
2.0 mol %)

Gopi et al. (2019)
130

HID Lamp Lucid polycrystalline Dy2O3
ceramics

N/A Wei et al. (2008)72

Smart light (circadian cycle) Dy3+/Eu3+- calcium
boroaluminate glasses

N/A Lodi et al. (2018)
73

Color tunable phosphors Dy3+/Eu3+- tellurite glasses 73TeO2 + 4BaO + 3 Bi2O3 + 1Ag:xEu2O3 + (2−x) Dy2O3 (x = 0.5
−2.0 mol %)

Lewandowski et al
. (2018)145

High-quality lighting device Dy3+- tellurite glasses N/A Hua et al. (2018)78

Nitride Phosphor Eu3+-doped with SrCO3 and
SiO2

N/A Yang et al. (2016)
132

AION ceramics and phosphors Eu3+-γ-aluminum oxynitride
phosphor

N/A Zhang et al. (2018)
131

Color tunable luminescence Eu/Tb(Bisphenol A)3phen N/A Xie et al. (2018)24

X-ray induced luminescence (XRL) Eu3+-barium glasses yEu2O3 + 50BaF2 + xAl2O3 + (50−x) B2O3 (x = 0−25, y = 1−10,
in mol %)

Shinizaki et al
. (2018)74

UV-based green LED Eu2+-doped β-Sialon phosphors EuxSi5Al1−xOz + xN8−z−x (x = 0.05, 0.06, 0.07; 0 < z ≤ 4.2) Xing et al. (2017)
146

Enhanced optical properties Eu3+-phosphate glass N/A Jimenez (2015)147

Borotellurite Glass Er3+-borotellurite glasses {[(TeO2)0.7 (B2O3)0.3]0.8 (SiO2)0.2}1−x (Er2O3 NPs)x ; x = 0.01−
0.05

Umar et al. (2019)
19

Multispectrum emissions Er3+-sodium borate glass (80−x) B2O3 + 10Na2O + 10ZnO+ x Er2O3 (x= 0.5−1.5 mol %) Mardhia et al
. (2013)133

Nanophotonic Er2O3/Er2O3 nanoparticles-zinc
borotellurite glass

{[(TeO2)0.70 (B2O3)0.30]0.70 (ZnO)0.30}1−y (Er2O3/Er2O3
nanoparticles)y; (y = 0.005, 0.05 mol %)

Azlan et al. (2017)
148

Enhanced luminescence Er3+-borate glasses 20ZnO + 20PbO + (20−x)Bi2O3 + xEr2O3 + 40B2O3 (x = 0
,0.1,0.5,1,2,3 mol %)

Madhu et al
. (2020)70

Optical application Er3+-TiO2 barium glass 0.6TeO2+ (0.35−y) BaO + 0.05ZnO + yEr2O3 (y = 0.01−0.05
mol %)

Gaafar (2017)149

Photodarkening application Yb3+/Ce3+-fluoroaluminosilicate N/A Liu et al. (2020)107

Metal-oxide-semiconductor LEDs Er3+-doped Yb oxides N/A Ouyang et al
. (2018)135

Optical application Yb3+/Er3+-PTR glasses N/A Nasser et al
. (2020)134

Photoelectrode Ce3+-modified TiO2 nanotubes N/A Tan et al. (2014)
137

Photodarkening application Yb3+/Ce3+-fluoroaluminosilicate N/A Liu et al. (2020)107
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5. CHALLENGES IN OPTICAL APPLICATIONS OF
REOS

Challenges in White Light Applications. Vigorous
studies have been done using RE ions to develop white
light-emitting devices but still need to overcome some
challenges. For example, the acetylacetonate (acac)-passivated
Eu3+-doped Y2O3 white light phosphors have shown ideal
characteristics for use as a single-component phosphor. But a
higher downconversion from the acac charge transfer (CT)
band to defect levels along with Eu3+ guest ion energy levels
indicated that the modifying and fabricating of a metal acac
passivation layer might steer to further competent white light
conversion.1 Li+ doping into Y2O3 nanocrystals has increased
luminous efficiency greatly, whereas a proper tailoring of the
Li+ ion concentration could lead to standard equivalent energy
white light illuminates (X = 0.33, Y = 0.33).13 Dy3+-Doped
YCaSBDy glasses have shown yellowish-white light emission,
while the doping concentration modification might pave the
way to perfect white light emission.42

Challenges in Non-White Light Applications. The
oxide glasses show a luminescence property when it is
incorporated by some trivalent RE ion activators. The reason
behind this is the transition between the energy levels of these
RE ions, which eventually give rise to many energy levels in
absorption and emission bands. But the luminescence can be
enhanced more if a sensitizer can be added. This sensitizer acts
as a donor, whereas the activator acts as an acceptor.49 Finding
a proper combination of acceptor and sensitizer along with a
host glass matrix can lead to perfect non-white light generation.
In the case of a non-white light emission, most studies
concentrated on red light emission; however, very few studies
have been found for a yellow, orange, blue, or green light
emission. So, extensive studies are required for the generation
of these lights.

Challenges in Solid-State Optical Devices. A combi-
nation of low phonon energy host material with a high thermal
stability is a major challenge in this domain. The prepared glass
system should have a high thermal stability along with a small
optical loss and higher photoluminescence (PL). Now a higher

Table 11. continued

specific applications used REO materials composite refs

Photoluminescence of nanocrystal
thin films

Photodarkening application N/A Desouky et al
. (2020)138

Optical device Nanostructured cerium oxide CeO2−x (x < 0.2) Charitidis et al
. (2005)150

Enhanced photocatalytic application Nanohybrid CeO2/Ce2O3 N/A Ma et al. (2016)151

Photonic crystal fiber Yb3+-doped silicate glass SiO2 + Li2O + Na2O + K2O + MgO + Al2O3 + Yb2O3 (70−x−y−z
8−2−2 mol %), and x + y + z = 18

Jingxia et al
. (2010)152

Photonic device Yb3+-phosphate laser glass N/A Venkatramu et al
. (2011)153

aN/A indicates not applicable.

Figure 17. (a) False color image displaying an outer surface temperature at 70 W: ∼10 μm images of 100 h burner (The green line is a comparative
vertical temperature profile, and the small squares are sample areas for more precise temperature measurements.), (b) the optical image
demonstrating the difficulty in constructing good core luminance measurements, (c) flux vs burn time, and (d) the emission spectrum for
polycrystalline Dy3+. Reproduced with permission from ref 72. Copyright 2008 IOP Publishing Ltd.
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PL can be achieved by using RE ions when they are in a host
material with low phonon energies. Some reported studies
have tried to overcome this problem in lab scales,90,91,94 but
more studies are necessary for a practical implementation.
Furthermore, most of the studies of the preparation of solid-
state lighting materials require complex and costly processes.
So, cost reduction is one of the main challenges. To do so,
researchers need to develop such a method or process by
which large-scale commercial manufacturing can be done in a
lucrative way.
Challenges in Laser Applications. A high-power fiber

laser with a long-term stability is an ultimate demand for
industrial, medical, and defense system applications. Moreover,
low maintenance and operation costs are also wanted. But the
photodarkening phenomenon is one of the prominent
limitations in long-term operations. Additionally, the mini-
mization of an optical loss is also a formidable challenge.106,107

Some studies used fluoride-based elements as a host material
due to their small phonon energies and developed

upconversion efficacies, but they lack chemical and thermal
stability along with difficulty in preparation.57,62 On the one
hand, borate glasses have become popular, as they offer a
superior RE ion solubility, comparatively lower melting
temperature, low cost, lofty thermal and chemical stability,
and good transparency. On the other hand, higher phonon
energy and a hygroscopic nature limit their execution. Higher
phonon energy increases multiphonon relaxation rates, that is,
nonradiative decay rates, and thus decreases the fluorescence
and quantum efficacy.61 Furthermore, because of the
hygroscopic nature, they absorb humidity and turn into
volatile materials.110

Challenges in UV Optical Applications. Applications of
REOs in the UV wavelength range experienced some
challenges as well. The Gd3+ films showed a high refractive
index at high temperatures.115 Moreover, the beam deposition
rate varied between 0.5 and 2.0 nm/s at different substrate
temperatures. An optimum temperature and oxygen pressure
need to be maintained to get the full benefit of the electron

Figure 18. Fluorescence intensity and sensing as a function of temperature for (a−d) four different sizes of Yb3+/Er3+-doped GGG nanocrystals.
Reproduced from ref 136. Copyright 2021 American Chemical Society.
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beam evaporation process and to avoid unstable film
composites.
Although the Dy3+-borosilicate glasses showed an enhanced

refractive index,116 the effectiveness of Dy2O3 at the UV region
depends on the absorption capacity of the host glasses.
Challenges in Nonlinear Optics Applications. Despite

the high-order optical nonlinearity of Gd/Dy2O3−KNN
crystals,15 the REO doping can lead to the reduction in the
defects caused by the volatilized alkali materials. Although the
addition of Dy2O3 instead of P2O5 significantly enhanced the
glass density,64 the atoms of low molecular weight (i.e., the
presence of lithium) in the glass network cannot be detected.
The Eu2O3-glass composites demonstrated a high mechanical
stability and nonlinear refractivity.65 However, the higher
concentration of Eu2O3 can alter the photoluminescence
intensity and peak because of the conversion of BO3 to BO4.
Further research is warranted to overcome these technical
issues.
Challenges in NIR Optical Applications. Applications of

REOs in the NIR range also have challenges that require
further attention. The optical luminescence mechanism of
Yb2O3 in Bi-doped borophosphate glasses is poorly under-

stood.10 Further, the prolonged melting time caused the
weaker fluorescence of 808 nm and stronger fluorescence of
976 nm, respectively. This dichotomy is difficult to address and
represents a challenge.

Challenges in Optoelectronics Applications. There are
some unelucidated mechanisms of REOs despite having shown
potential in optoelectronic studies. The increased molar ratio
of Er3+/TiO2 led to the formation of oxygen-deficient titania
(TiO2−x).

67 This TiO2−x formation is subject to further
research. The mechanical-stability-enhanced photolumines-
cence of Eu3+-boro-tellurite glasses was primarily owing to
the presence of nonbridging oxygens.11 Although it showed the
influence of Eu2O3, it did not provide evidence for the
presence of Eu3+. These unexplained mechanisms need further
motivation.

Challenges in Optical Fiber Applications. Albeit the all-
SAL fibers can be drawn at a high temperature (i.e., ∼1100
°C), it is mechanically less stable compared to SiO2.

17 Further,
the construction of a hybrid SAL-SiO2 represents a major
technical barrier because of their difference in thermochemical
properties (i.e., a large gap in viscosity).

Figure 19. Chromaticity diagrams of Yb3+/Er3+-doped GGG nanocrystals with the increasing pump for (a) small and (b) large nanocrystals and (c)
the intensity ratio (y-left) and host temperature (y-right) as a function of power. Reproduced from ref 136. Copyright 2021 American Chemical
Society.
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The Yb3+ only worked as a modifier in the alkali-free
aluminoborosilicate glass composites.18 It cannot participate in
the bond formation of glass composites. Thus, a strong electric
field might weaken the oxygen-bridging bond in the glass
network at an elevated temperature. The molar volume of Er3+-
borotellurite nanocomposites was increased because of the
presence of high-molecular Er3+.19 However, the pyroborate
(BO3) production can cause material compactness in the glass
network that can result in fewer nonbridging oxygens.
Challenges in Display and Luminescence Applica-

tions. Some challenges of REO applications are also apparent
in display and photoluminescence studies. Although the
ferroelectric attribute of Er3+-Li/KNN ceramics was enhanced
with the addition of Er2O3,

3,123 the surplus amount could
demolish the microstructure of the ceramic composites. The
photoluminescence peak of Eu3+-quaternary glasses can also
alter at different wavelengths due to the presence of divalent
metal contents (i.e., Ca2+, Sr2+, Eu2+, etc.).4 This phenomenon
can be ascribed to the development of ligand-divalent metal
complexes and their intricate charge-transfer mechanisms.
Challenges in Miscellaneous Optical Applications.

There are also some formidable challenges even though various
REOs nanocomposites offer prominent potential applications.
For example, if the optimum dosage of Nd3+ ions (∼3−4 wt
%) is excessively large, the photodegradation of an organic
substance by TiO2 can be considerably reduced because of the
ease of an electron−hole pair recombination.20 Although the
photooxidation of ZnO−Dy2O3 was active across a wide range
of pH, the maximum efficiency was observed at neutral pH.
The competition with the organic moiety for adsorption on the
catalyst surface due to the surplus amount of H+/OH− can
result in a lower activity of ZnO−Dy2O3.

139 The destabilized
surface also played a critical role in the enhanced photo-
catalytic activity of ZnO-Eu2O3 composites.23 However, the
antenna effect (i.e., charge accumulation) from the indirect
excitation of Eu3+ with ZnO can suppress the photo-
luminescence trait. Despite having the bioassessment potential
of Eu2O3 nanocomposites in controlling water pollution,126 the
impure Eu2O3 is readily dissolved in acidic conditions,
demeriting their desirable photocatalytic characteristics. The
complex formation between Er3+ and oxygen can repress the
lattice vibrations between 4f electrons and silica compounds.71

This phenomenon could reduce the energy transmission and
restrain the temperature quenching outcome; thus, in turn, it
will experience a lower photocatalytic activity.
Although Gd3+ as a protective film obtained the high

photoluminescence of AC-PDPs,25 the attainment of a low
firing voltage is difficult. Furthermore, even though the intense
photoluminescence of Eu3+-phosphate glass appears attrac-
tive,147 the level of Cu2+ impurities in the composite should be
reduced for practical implications. Addressing these issues is
quite challenging, and further in-depth research is warranted.

6. CONCLUSIONS AND FUTURE DIRECTIONS

This article has offered a focused and comprehensive review of
the recent applications and commercial prospects of REOs in
the optical industry. The incorporation of RE ions into the
glass matrices has significantly improved the optical attributes
of the glasses, and a consideration of the improvement of the
field via successful implementations of REOs will invoke
several future studies. The major applications found in the
review are as follows.

(i) REOs have unique properties that can greatly enhance
stability (i.e., thermal and chemical tolerance) and
facilitate the prevention of the crystallization of the
glasses. Consequently, various REOs independently or in
concert with other doping materials are now being
increasingly used as phosphors in LEDs and LCDs.

(ii) High-quality lasers are fabricated due to their effective
up−down conversion processes.

(iii) Third-order optical nonlinearity has paved the way for
applying them in nonlinear photonic devices.

(iv) Next-generation optoelectronics and fiber-optical device
fabrication are improved by implementing REOs.

(v) The extensive range of applications and immense
prospects imply that REOs usage will increase
significantly on an industrial scale in the near future.

In addition to widespread applications and the enormous
potential of REOs in optics, some critical challenges persist
that need careful attention for the commercial manufacture of
low-cost and eco-friendly optical devices. Some future
directions to tackle the existing challenges are provided below.

(i) The photodarkening effect can be modified in different
ways, such as by manipulating the design for fiber
composition and structure, loading mechanism for gas,
thermal bleaching, photobleaching, etc. However, the
most effective one is a modification of the core fiber
configuration. Now, the accumulation of codopants such
as Al, Ce, or P in the core composition may largely
shorten the PD effect, but an excess of them will create
−OHC color centers, which will eventually increase the
PD again.

(ii) Borate-based glasses have attained much interest for
their advantageous features, but the hygroscopic nature
confines their functionalities. The addition of the
moderators such as a base or high-pH metallic ions
could be a probable solution to this issue.

(iii) The fluoride-based glasses are normally used for an
upconversion luminescence while they have a weak
thermal and chemical stability. Replacing them with
oxide-based glasses could improve the situation.

(iv) Although the incorporation of Dy2O3 is a potential
alternative to P2O5 for the enhancement of glass density,
the presence of lithium can considerably hamper the
detection limit. Thus, lithium should be avoided, or
lithium passivity materials can be used.

(v) The emergence of ligand-divalent metal compounds and
their convoluted charge transfer mechanisms is one of
the key challenges in display and luminescence
applications. In-depth lab-scale research is required
that would help us understand the ligand-aversion
mechanism to mitigate this technical blockade.

(vi) The presence of alloyed Eu2O3 in acidic conditions can
further significantly reduce the detection accuracy of
Eu2O3 nanocomposites as an illuminating label in
controlling water pollution due to its high dissolution.
This can easily be avoided by maintaining pH levels in
alkaline media.

To conclude, it is worthwhile to mention that more
exhaustive research is needed to exploit the diversified utility
of REOs in optical industries in a cost-effective and
environmentally acceptable manner.
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■ LIST OF ABBREVIATIONS

acac, acetylacetonate
AION, aluminum oxynitride
BaGaBSi, barium gallium borosilicate
BMFSrSbD, Dy3+-doped antimony-magnesium-strontium-
oxyfluoroborate
BSBT, biosilicate borotellurite
CaBAl, calcium boroaluminate
CCT, correlated color temperatures
CTRN, carbothermal reduction and nitridation
GeBiNaGdBaH, Ho3+-doped bismuth-germanate
HGT, heavy metal germanium tellurite
KNN, (K0.5Na0.5)NbO3
LCD, liquid crystal display
LED, light emitting diode
LGFDy, Li2O-BaO-GdF3−SiO2
Li-KNN, (Li,K,Na)NbO3
LiYBDy, Dy3+-doped lithium yttrium borate
LPDy, Dy3+-doped lithium lead gadolinium silicate
LSPR, localized surface plasmon resonance
MTB, multicomponent tellurium borate
NIR, near-infrared
n-UV, near-ultraviolet
NKBT, Na0.25K0.25Bi0.5TiO3
NBSAZB, Na2O−B2O3−SiO2−Al2O3−ZnO-BaO
NKLB, LiF-Na2O−K2O−B2O3
PD, photodarkening
PL, photoluminescence
PTR, photothermo-refractive
PVP, polyvinylpyrrolidone
REE, rare earth element
REO, rare earth oxide
R2O3, rare earth sesquioxides

SAL, SiO2−Al2O3−La2O3
SSA, specific surface area
TNT, TiO2 nanotube
TZNBL, 65TeO2−15ZnO−10Na2O−5BaO−3La2O3
UV, ultraviolet
XRL, X-ray induced luminescence
YAG, yttrium aluminum garnet
YCaSBDy, Dy3+-doped yttrium calcium silicoborate
YSZ, yttria-stabilized zirconia
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