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ARTICLE INFO ABSTRACT

Lanthanide ions (Ln®*) doped disordered crystals, which exhibit excellent downshifting/upconversion lumi-
nescent properties, are widely used in a variety of optical and optoelectronic fields. The optical properties of
Ln®* ions are critically dependent on the local structure around Ln®* ions. Therefore, by employing Ln** (e.g.,
Eu®") as the sensitive structural probe, the local structure and site symmetry of Ln®>* dopants in the disordered
crystals can be determined. Furthermore, through modification of the local site symmetry of Ln** ions, various
highly efficient Ln®*-doped luminescent materials have been designed over the past decade. As such, it is urgent
to renew the knowledge about the huge family of Ln®*-doped disordered crystals. Rather than being exhaustive,
this review aims to highlight the most recent advances in the site symmetry and optical properties of Ln>*-doped
disordered crystals, with an emphasis on probing the local site symmetry and tuning downshifting/upconversion
luminescent properties based on modification of the microstructures around Ln** dopants. Finally, the chal-
lenges and future perspectives of this important kind of phosphors are proposed.
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1. Introduction

Disordered crystals, in which two or more cations statistically oc-
cupy the same lattice site, are frequently employed as hosts for doping
with lanthanide or transition metal ions [1-9]. Specifically, trivalent
lanthanide ion (Ln®*) doped disordered crystals such as AREF, (A = K,
Na; RE = rare earth), AB(XO4), (A = Li, Na; B = rare earth or Bi;
X = Mo, W), MF, (M = Ca, Sr, Ba), garnets and apatites have gained
much research interest and been widely used for anti-counterfeiting,
imaging, lasers, and bioassays due to their excellent downshifting (DS)
and upconversion (UC) luminescent properties [10-38].

The DS/UC luminescent properties of Ln®* ions depend critically on
their site symmetry, and a small difference in the local site symmetry
might lead to significant change in electronic energy levels and excited-
state dynamics of doped Ln3" ions [39,40]. Generally, it is difficult to
identify the actual local site symmetry in disordered crystals via tradi-
tional diffraction methods, because these methods usually take into
account cations randomly occupying the same lattice site as a virtual
“average” ion according to their respective probabilities [41]. For-
tunately, Ln®>* ions such as Eu>* can be employed as sensitive structure
probes to reveal the local site symmetry [42,43]. The excited state (°Do)
and the ground state ("Fo) of Eu®™ ion are non-degenerate and will not
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be split by the crystal-field (CF) effect. Therefore, Eu®>* with different
local symmetry possesses different D and “F, states, and the number
of °Dy—"F, transition lines can be used to identify the multiple Eu®™
sites in the hosts. In addition, according to the electric dipole (ED) se-
lection rule, the transition between °Dy and “F, is only observed in the
emission spectrum in the following 10 site symmetries without inver-
sion symmetry: Cs, Cy, Cs, C3, Cy4, Cg, Cs,, Cs,, C4y, and C,, respectively
[42,44]. Furthermore, the °Dy—’F, transition of Eu®>* is an ED tran-
sition that is highly sensitive to the local site symmetry, while the
°Dy—’F, transition is a magnetic dipole (MD) transition that is in-
sensitive to its local site symmetry. As such, the intensity ratio of the
°Dy—"F, transition to the °Dy—"F; transition of Eu>* is closely related
to the site symmetry [42]. Based on the Judd-Ofelt (JO) theory and the
selection rules of f-f transitions, the number of allowed transition lines
between *Dy—"F; (J = 0, 1, 2, 3, 4, 5 and 6) of Eu®>* at 32 crystal-
lographic point groups is summarized in Table 1 [45]. Accordingly, the
local site symmetry can be determined by comparing the numbers of
the experimental °Dy,—’F; transitions lines with the number of theo-
retically allowed transition lines [46]. In most cases, the symmetry of
spectroscopic sites for Ln** ions in disordered crystals (e.g., NaYF,,
NaGd(WO,),, NaLa(MoQO,),) was observed to deviate from that of
crystallographic sites [46-51].
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Table 1

Theoretically allowed transition lines of *Do—"F; of Eu®* ions at 32 crystal-
lographic point groups. (Adapted with permission from Ref. [45]. Copyright
2009, American Chemical Society).
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The unique disordered structure is benificial for efficient energy
transfer among Ln®* dopants, which makes Ln®**-doped disordered
crystals an excellent kind of phosphors for various applications. In order
to improve their photoluminescence (PL) efficiency and tune the optical
performance, different synthesis approaches together with some com-
plementary strategies for modification of the local structure have been
proposed [52-54]. Currently, three main strategies are generally ap-
plied to modulate the local microstructure around Ln®* dopants
(Fig. 1). The first strategy is codoping Ln>" with homovalent ions, in
which the crystal lattice contract or expand due to the mismatch of
ionic radius between codoped ions and host lattice ions. The second one
is codoping Ln®>* with heterovalent ions, in which vacancies or inter-
stitial ions are introduced into the host lattices due to the requirement
of charge compensation. The third one is engineering composition of
the host. Different from homovalent or heterovalent ions codoping
strategies, no impurity ions were introduced in the host. Nevertheless,
the introduced vacancies through composition engineering may also
change the local structure around Ln®** dopants.

In the past few years, several excellent reviews on the topic of Ln®*-
doped inorganic materials have been published [55-61]. However,
most of them focused on the chemical synthesis, optical properties
designing and diverse applications. To the best of our knowledge, there
is no review focusing on the site symmetry and optical properties of
Ln®*-doped disordered crystals. In this review, we aim to elucidate the
relationship between local site symmetry and the optical properties of
these Ln®*-doped disordered phosphors, and to provide the readers
with inspiring ideas for tuning the PL properties of Ln®"-doped dis-
ordered crystals (Fig. 1). To begin with, we briefly describe the crys-
tallographic and spectroscopic site symmetry of Ln®** in disordered
crystals (Section 2), with an emphasis on probing the local site sym-
metry of typical Ln®"-doped disordered crystals such as NaREF, (RE:
rare earth), NaRE(WO,), and NaRE(MoO,),. We then highlight three
main strategies for tuning the DS/UC luminescence of Ln®*-doped
crystals based on modification of the local site symmetry of Ln®** ions
(Section 3). Finally, some future prospects and efforts toward this active
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Fig. 1. Schematic illustration of symmetry breakdown in Ln®*-doped disordered crystals and three main strategies to modulate the local microstructure in disordered

crystals.
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2. Site symmetry of Ln”" in disordered crystals

2.1. Crystallographic site symmetry

The crystal structure of luminescent materials can be revealed by
traditional diffraction methods. Note that such standard crystal-
lography analysis takes into account those ions randomly occupying the
same lattice site as a virtual “average” ion. As a result, the cations
statistically occupying the same lattice site are identified with the same
site symmetry [41,46]. For example, NaYF, is regarded as one of the
most efficient host material for doping with Ln®** ions to produce in-
tense green (doped with Yb®*/Er**) and blue (doped with Yb®*/
Tm>") UC emission [62]. NaYF, usually exists in two phase structures:
cubic and hexagonal. Both cubic and hexagonal NaYF, are disordered
crystals, in which Na* and Y are statistically distributed over the
same lattice site with space groups of Fm-3m and P63/m, respectively
(Fig. 2) [63]. From single-crystal XRD data, the average structure of
cubic NaYF, is a derivative CaF, fluorite type with the Ca®* site ran-
domly occupied by 1/2 Na* and 1/2 Y3". The crystallographic sym-
metry of both Na* and Y** are determined to be O. For hexagonal
NaYF,, one kind of nine-fold coordinated cation site is randomly oc-
cupied by 1/4 Na* and 3/4 Y®* with crystallographic site symmetry of
Csp [46]. When Ln®* (e.g, Eu®") ions are doped into cubic or hex-
agonal NaYF,, in view of the different ionic radius between Ln®** and
Y3+, the bond length of Ln-F will be different from that of Y-F. Con-
sequently, such difference will perturb the coordination shell around
the site originally randomly distributed by Y>* and Na*. According to
the microscopic model displayed in Fig. 2, it is anticipated that the site
symmetry of each subset of Ln** may be reduced from O, in cubic
NaYF, (or Cs, in hexagonal NaYF,) to lower ones such as C; or even Cj.
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Fig. 2. Schematic illustration showing the
breakdown of the crystallographic site sym-
metry of Eu®>" in (a) cubic and (b) hexagonal
NaYF, crystals. Induced by Eu®*-doping for
the disordered Y/Na site, the original crystal-
lographic site symmetries of Oy in (a) and Csp
in (b) may descend to C; and C;, respectively.
(Adapted with permission from Ref. [46].
Copyright 2013, John Wiley & Sons, Inc.).
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2.2. Spectroscopic site symmetry

It should be noted that the breakdown of crystallographic site
symmetry is a universal phenomenon in Ln®*-doped disordered crys-
tals, which can be verified by the high-resolution PL spectra of Ln**. To
date, a series of Ln®>"-doped disordered crystals such as fluorides,
garnets, apatites, molybdates, borates, vanadates, tungstates, langa-
sites, and langatates have been reported [37,38,64-71]. Among these
disordered crystals, NaREF, has received great attention during the past
years, due to their low phonon frequencies, high chemical stability and
high UC luminescence efficiency [72-76].

Recently, our group provided solid spectroscopic evidence to verify
the breakdown of crystallographic site symmetry in Ln®*-doped cubic
and hexagonal NaYF, crystals by means of 10K high-resolution site-
selective excitation and emission spectroscopy of Eu®* ions [46]. Only
one site of Eu>* was observed in Eu®" doped cubic and hexagonal
NaYF, crystals, respectively. The number of Dy—"F, ; » emission lines
in the emission spectrum of Eu®*-doped hexagonal NaYF, are 1, 3 and
5, respectively, which verified that the site symmetry of Eu®>* descend
from Czp, to Cs according to the branching rules (Fig. 3) and transition
selection rules of the 32 point groups (Table 1) [45,77]. Similarly, the
site symmetry of Eu®" in cubic NaYF, crystals was found to descend
from Oy, to C; or C,. Such site symmetry breakdown from their crys-
tallographic site symmetry was also observed in other disordered
crystals like cubic KLaF, and KGdF, by employing Eu®* as structure
probe (Fig. 4) [44,78]. In the 10 K emission spectra, both the number of
®Dy—"Fo,1,2 emission lines of Eu>" were observed to be 1, 3 and 5,
respectively (Fig. 4). Thus, the highest site symmetry of Eu®>* in cubic
KLaF, and KGdF, crystals was determined to be C; or C».

Besides the families of NaREF,; and KREF,, similar symmetry
breakdown also occurred in other kinds of disordered crystals like
double molybdates and tungstates, with general formula of AB(XO4)>
(A =Li, Na; B= RE, Bi and X = Mo, W). These crystals belong to tet-
ragonal scheelite (CaWOy,) structure, where A* and B** ions occupy
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Fig. 3. Branching rules of the 32 point groups. (Adapted with permission from
Ref. [77]. Copyright 1981, Plenum Press, New York.).

the site of Ca®>* with site symmetry of S, [35]. In an effort to identify
the site symmetry of Ln®>* dopants in AB(XO,),, Wang and co-workers
synthesized Eu®" doped NaLu(WO,), red-emitting phosphor [79].
Upon excitation at 395 nm, the 10 K high-resolution PL emission spec-
trum of Eu®* was obtained, which consists of a series of resolved bands
from 500 to 750 nm (Fig. 5). In principle, Eu®™ ions substituting Lu®*
ions in NaLu(WO,), possess a crystallographic site with point-group
symmetry of S,. The number of the 5D0—>7F0’1’2 emission lines should be
0, 2 and 3, respectively. However, the intensity of the >Do—"F, tran-
sition (ED transition) is much higher than that of the 5D0—>7F1 transi-
tion (MD transition). In addition, the appearance of the SDo—"Fo
transition in the PL spectrum explicitly verified the low site symmetry
of Eu®* doped in NaLu(WQ,),. Specifically, the numbers of transition
lines from °Dy to “Fy, ’F; and ’F, are 1, 3, 5, respectively. Therefore, the
highest site symmetry of Eu®", distorted from S, should be C,.

3. Modification of microstructures in disordered crystals

In order to improve the PL efficiency of Ln®"-doped disordered
crystals for various applications, conventional strategies such as selec-
tion of host matrices, designing of core/shell structure and optimization
of the Ln®* concentration are frequently adopted [80-83]. Because the
optical properties of Ln®* ions are dependent on their local structure,
modification of the microstructure of Ln®** dopants in disordered
crystals enables regulation of the optical performance of Ln>*-doped

Fig. 4. (a) Schematic illustrations showing the crystal structures of cubic KREF,, the crystallographic site symmetry of R]

b) 2
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disordered crystals. To this end, several approaches like cation
(homovalent or heterovalent ions) codoping with Ln®", and host
composition engineering have emerged as effective routes for the
synthesis of highly efficient Ln®*-doped disordered phosphors
[54,84-90], as will be briefly overviewed in this section.

3.1. Microstructure of disordered crystals

When Ln®* ions are doped in disordered crystals, the minute
structural distortion induces a locally variable CF surrounding around
the dopants. For each subset of Ln®* ions, the CF surrounding might be
slightly different. Consequently, the line-widths of the electronic tran-
sitions (absorption and emission bands) for whole set of Ln®* are found
to be inhomogeneously broadened relative to that in ordered crystals
[36,91,92]. Previously, such inhomogeneously broadened spectra of
Ln®** emitters including Eu®*, Nd®" and Yb®>* were observed in a
variety of disordered crystals [46,93,94]. For example, the full width at
half maximum (FWHM) of the *Dy—’F, transition of Eu®** at 10K in
cubic NaYF, is ~ 1.3 nm, which is much broader than that of Eu®" in
ordered crystals (FWHM is ~ 0.1 nm) [46]. Likewise, inhomogeneous
broadening of the absorption and emission bands was often reported in
Ln3+-doped disordered laser crystals like Sr3Y(BO3)s3, LisGd4(MoOy,),
and SrGdGas0O,, to name a few [95-97]. The broad absorption line-
widths of the Ln®>* activators doped in disordered crystals make them
very suitable for diode pumping, whereas the broad emission bands of
the activators enable them for potential laser applications such as
tunable or short pulse lasers [94].

Besides the applications in laser, the disordered structure may favor
the UC population due to efficient energy transfer among Ln®* dopants
in disordered crystals. In 2011, Renero-Lecuna and co-workers de-
monstrated that the high UC efficiency in hexagonal NaYF:Er®* /yb3*
crystal was due mainly to the ideal resonance conditions of the energy
transfer from Yb>" to Er®* among multisites [7]. As shown in Fig. 6, a
series of distinct emission spectra were observed upon excitation at
different wavelengths between 482 and 488 nm. The slight spectral
variations and the peak shifts observed in each emission spectrum re-
vealed the existence of multisite Er>* dopants in the host, which were
also confirmed by their distinct pressure-dependent room-temperature
UC emission patterns. Similarly, multiple sites of Ln®* in disordered
NaLaF, crystals were observed by Sarakovskis and co-workers [98]. In
their work, at least three different kinds of Er>™ ions with different CF
environments were identified via site-selective spectroscopy. Moreover,
efficient energy transfer between Er** at different sites was confirmed
both in the UC and DS luminescent processes, which thus well inter-
preted the high PL efficiency of Er*" in such disordered crystals.

——
570 585 600 615 630 645

Alnm o

E3" is Op. (b) 10K emission spectra of cubic

KLaF4:Eu®* (5mol%) and KGdF4:Eu®* (5mol%) crystals upon excitation at 394 nm. (Adapted with permission from Ref. [46]. Copyright 2013, John Wiley & Sons,

Inc.).
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Fig. 5. (a) Schematic illustrations showing the

crystal structure of NaRE(WO,),, in which the
crystallographic site symmetry of RE®™ is S,.
(b) 10K emission spectrum of NaLu
(W04)2:Eu3 * upon excitation at 395 nm. The
inset shows the ten-fold magnified emission
spectrum in the range from 580 nm to 621 nm.
Peaks corresponding to the ®Dy—"F, » tran-
sitions are marked as star symbols. (Adapted
with permission from Ref. [79]. Copyright
2013, Optical Society of America.).
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Fig. 6. Emission spectra of hexagonal NaYF,:Er’*/Yb** upon excitation at
different excitation wavelengths (482-488 nm) at 17 K. (Adapted with per-
mission from Ref. [7]. Copyright 2011, American Chemical Society.).

3.2. Homovalent ions codoping with Ln>* ions

Impurity doping, which has significant influence on the nucleation
and growth of many nanomaterials, is often proposed as the main ap-
proach to modify the crystallographic phase, size, shape and electronic
configuration of crystals [52,63,85].

By codoping Ln®" with homovalent (trivalent) ions, the host lattice
might expand or contract when large- or small-size impurity ions are
doped to substitute the host cations. To exemplify this, Wang and co-
workers demonstrated that Gd** doping can dramatically influence the
growth process of NaYF,:Yb®* /Er** nanocrystals (NCs) [63]. In their
work, simultaneous controlling of the crystallographic phase, size and
UC properties of NaYF,:Yb®* /Er®* NCs was realized. Without the in-
troduction of Gd** ions, both small cubic nanocubes and large hex-
agonal nanorods were obtained in aqueous solvent at 200 °C for 2-10 h
(Fig. 7a—c). After codoping with Gd®* (30, 45, 60 mol%), the cubic-to-
hexagonal phase conversion happened after only 2h (Fig. 7d-f). With
increasing the content of Gd®*, hexagonal-phase nanorods with smaller
size were synthesized. Density functional theory (DFT) calculations
indicated that the formation energy per atom in hexagonal NaYF, in-
creased by ~ 0.07 eV when Y3* was replaced by Gd®>*. Therefore,
NaGdF, should be more energetically stable than NaYF,. Increasing the
Gd®* content in NaYF, host matrix facilitated the formation of

600
Wavelength (nm)

T
700

hexagonal-phase NCs. Subsequently, Wisser and co-workers prepared
Gd** and Lu®** codoped hexagonal NaYF, NCs [52]. The UC quantum
yield for hexagonal NaYF4Yb®* /Er’* was determined to be 0.045%.
After Gd°" and Lu®" codoping, a maximum UC quantum yield of
0.074% was achieved for hexagonal NaY ,>Gd g4Lug o4F4:Yb/Er NCs.
The improvement of UC quantum yield is attributed to the increased
radiative transition rates for Yb>* and Er®™, due to the local symmetry
distortion in NaY( 75Gdg 04LUg.04F4:Yb/Er NCs. Till now, a number of
trivalent ions like AI**, Y3*, La®*, Gd®*, Bi®*, Mo® ™", Fe**, and Sc**
have been exploited to modulate the microstructure of disordered
crystals (Table 2) [5,84,85,90,99-107].

Besides modulation of microstructure of the host lattice, the co-
doping of homovalent (trivalent) ions with L3+t may modulate the
distance between Ln®* emitters in disordered crystals. For instance, the
codoping of Yb®* or Lu®** ions in CaF,:Pr** crystals was demonstrated
to avoid the clustering of Pr** ions [108]. In CaF,:Pr®™* /Lu®", Pr3*-
Pr* clusters were replaced by Pr**-Lu®* clusters. An enhanced PL
intensity of Pr>* by a factor of 500 can be achieved in CaF,:Pr®* /Lu*
relative to that of CaF,:Pr’", due to the decreased nonradiative re-
laxation rate between Pr° " ions. Moreover, the formation of Pr®*-Yb%*
clusters in place of Pr>*-Pr®* clusters may lead to highly efficient en-
ergy transfer from Pr®* to Yb®* with an ultrafast rate of 5 x 107 s~ .
The 3P, lifetime of Pr®* was determined to be 150 ys in CaF,:Pr®™, but
only 1.3ps in CaF:Pr®*/Yb®*(0.5%,/10%). The energy transfer effi-
ciency (E) was calculated to be 99.1%, according to the formula
E = (to-t1)/70, Where 1o and t; are the donor lifetime in the absence
and presence of acceptor, respectively [109].

3.3. Codoping Ln>* with heterovalent ions

The strategy of codoping Ln®* with heterovalent (monovalent, di-
valent or tetravalent) ions is proposed as an alternative way to modify
the microstructure or regulate their optical performance in the dis-
ordered NCs (Table 3) [53,86-90,110-120]. Different from homovalent
codoping, heterovalent codoping usually introduces interstitial ions (or
extra vacancies) into the host matrix during the nucleation and growth
processes, due to the requirement of charge compensation. Corre-
spondingly, the PL properties of Ln®>* can be tuned by codoping with
different cation content. As reported by Zhao and co-workers, the in-
troduction of 13.5 mol% Mg?* ions in NaGdF4:Yb®* /Er** NCs resulted
in 9, 6, and 7 times enhancement of the red, green and violet UC
emission, respectively [115]. More significant enhancement effects
were realized in Ca®*-codoped NaGdF,:Yb®* /Er®* NCs by Lei and co-
workers [88]. With increasing the Ca®* content, the morphology of
NaGdF, NCs changed from irregular shape to hexagonal plates, and
finally to uniform nanorods. When codoping with 30 mol% Ca®* in
NaGdF,:Yb®*/Er** NCs, the UC emission intensity of Er®* was
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L ‘ n.
60% Gd3/2h

Fig. 7. (a—c) TEM images of NaYF4Yb3 " /Er®* (18/2 mol%) NCs obtained after heating for 2, 5 and 10 h at 200 °C without the codoping of Gd®™" ions. Formation of
the cubic NaYF, is partially marked by red squares. (d-f) TEM images of NaYF,:Yb® " /Er®* (18/2mol%) NCs obtained after heating for 2h at 200 °C with the
codoping of 30, 45 and 60 mol% Gd>®* ions, respectively. Scale bars are 500 nm for panels a-c, 200 nm for panels d—f. (Adapted with permission from Ref. [63].

Copyright 2010, Nature Publishing Group.).

enhanced by a factor of ~ 200 times (Fig. 8a). They attributed the
enhanced UC emission to the modification of the crystal microstructure
of NaGdF, NCs after codoping Ca®* ions (Fig. 8b). Similarly, codoping
with other divalent ions (e.g., Sr**, Ba**, Zn®**, Mg®*, Co®™) or tet-
ravalence ions (e.g., Ti**, Sn**) proved to be an effective strategy for
tuning the UC performance of NaREF, or KREF, NCs
[88,115,116,118-121].

Among the heterovalent codoping, alkali metal ions are most

frequently introduced into disordered crystals to regulate their optical
performance [53,86,87,89,90,110,111,113,114,117,122,123]. For ex-
ample, we recently reported that Na™ ions doping was able to sig-
nificantly improve the crystallinity of the ultrasmall CaF,:Ln®** NCs as
well as their PL intensity [117]. By measuring the PL spectra and PL
decays of CaF,:Ce®>*/Tb®* and CaF,:Ce**/Tb®*/Na* NCs, we pro-
vided solid spectroscopic evidence for the modification of CF in
CaF,:Ce>* /Tb®* NGCs via Na™ doping (Fig. 9). Specifically, the spectral

Table 2
PL enhancement of Ln®*-doped disordered crystals by codoping with trivalent ions.
Host Doped ions Co-doped ions Transitions Wavelength (nm) Times of PL enhancement Ref.
NaYF, Yb3* /Er** sc3t Er’*: 2Ho p—"115/2 400-420 5.0 [101]
Hi1/2/*S3/2~>"N1s 2 510-570
*Fo/a—"I1s/2 630-700
NaYF, Yb3+ /Tm®* Sc3* Tm>*: 'G4—>He 460-500 2.0 [90]
NaLuF, Yb3* /Er®* Y3+ Er’*: ®Hyq//%S3/2—>"l152 510-570 1.8 [104]
NaYbF, Tm®* Gd®* Tm>*: *H,—~°H, 750-850 17.0 [84]
NaLuF, Yb3* /Er®* La®* Er**: Fq0—15,0 630-700 8.1 [100]
NaYF, Yb3* /Er®* Bi** Er’*: 2Ho p—"115/2 400-420 36.0 [5]
*Hy1/2/*S3/2=>"T1s/2 510-570
Fo —115/2 630-700
NaGdF, Yb3* /Er®t Fed* Er’*: 2Ho p—"115/2 400-420 12.0 [99]
NaGdF, Yb** /Er®* Mo>* Er®*: 2Hyy/0/%S3/0— s 2 510-570 9.0 [106]
KLaF, Yb®*/Er®* APY Er**: *Fg 050 630-700 7.3 [107]
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Table 3
PL enhancement of Ln®*-doped disordered crystals by codoping with heterovalent ions.
Host Doped ions Co-doped ions Transitions Wavelength (nm) Times of PL enhancement Ref.
3+ 3+ i+ 3+, 2 4, 4
NaYF, Yb>* /Er Li Er**: 2Hyy//%S3/0—> 150 510-570 9.5 [111]
CaF, ce**/Tb>* Na* Tb**: °D,—"F, 450-650 34.0 [117]
NaYF, Yb3*/Tm>* K* Tm>*: 'G4—°Hg 460-500 4.0 [90]
NaGdF, b3+ /Er®+ Ca%* Er’*: 2Hg p—>"15/2 400-420 200 [88]
*Hy1/2/*S3/2—>" 15,2 510-570
*Fo/2—>"Nis/2 630-700
NaYF, Yb**/Er®* Zn?>* Er®*: 2Hyy /%S0~ 115/2 510-570 1.5 [116]
NaGdF, Yb3* /Er®* Mg?* Er**: Fq =150 630-700 9.0 [115]
NaYF, Yb3* /Er®* Co** Er’*: 2Hg p—>"15/2 400-420 27.5 [118]
2H11/2/4SS/2_)4115/2 510-570
41:‘9/2_’4115/2 630-700
NaYF, Yb3* /Er®* sn** Er**: 2Hyq/0/%S3/0—>"l15,2 510-570 7.0 [119]
NaYF, Yb3* /Er** Ti** Er’*: ®Ho p—"115/2 400-420 25.0 [120]
2H11/2/4SS/2_)4115/2 510-570
*Fo 0152 630-700
a) 2 4 4 b)
H S, | 4 4
11720 ¥3127 1512 a2~ s

Intensity /a.u.
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Fig. 8. (a) UC emission spectra of x% (x = 0, 10, 20, 30, 40) Ca?* codoped NaGdF4Yb®* /Er®* NCs. (b) Schematic illustrations showing the crystal structure of
NaGdF, without and with Ca* doping, respectively. (Adapted with permission from Ref. [88]. Copyright 2014, John Wiley & Sons, Inc.).
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Fig. 9. (a) PL emission spectra and (b) the
corresponding normalized emission spectra of
CaF,:5%Ce>*,5%Tb%* NPs synthesized with
different Na* concentrations upon excitation
at 304 nm. The inset enlarges the spectral line
splitting within 530-580 nm. (c¢) Normalized
PL excitation spectra and (d) PL decay from
°D, by monitoring the Tb** emission at
541.2 nm for NPs synthesized with different Na
+ concentrations. (Adapted with permission
from Ref. [117]. Copyright 2013, John Wiley &
Sons, Inc.).
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Fig. 10. Emission spectra of NaYF4:18%Yb>* /x%Er®* (x = 2, 3, 4 and 5) (a) with and (b) with codoping 4mol% Li*. (c) PL decays from *Ss,, of Er’* in
NaYF,:Yb** /Er®* without and with codoping Li* ion. (d) Emission spectra of NaYF,:18%Yb>*/2%FEr®* and NaYF,:18%Yb>* /4%Er>* /4%Li*, respectively.

(Adapted with permission from Ref. [89]. Copyright 2014, Elsevier.).

line splitting and the branching ratio of Tb®*, the excitation band of
Ce®**, and the PL lifetime of Tb®* varied significantly with the co-
doping concentration of Na™ (Fig. 9b-d). In comparison with Na™*-free
CaF,:Ce®>* /Tb%* NCs, the PL intensity of CaF,:Ce®*/Tb®*/Na™ con-
taining 2.5mM Na™ ions increased by 34 times (Fig. 9a). Correspond-
ingly, the absolute PL quantum yield of CaF,:Ce®* /Tb®* NCs increased
from 9% to 51% after Na™ doping. Besides, Ding and co-workers de-
monstrated that the doping of Li* can enhance the concentration
quenching threshold in NaYF4:Yb®* /Er®* [89]. As shown in Fig. 10a,
without Li* codoping, the highest UC intensity of NaYF,:18%Yb>*/
xEr®* (x = 2, 3, 4, 5) was observed at the Er®* concentration of 2 mol
%. However, the optimal Er®* doping concentration was elevated to
4mol% by codoping with 4 mol% Li* ion (Fig. 10b). In Li*-codoped
sample, Li* ions are supposed to separate the Er** clusters in the host
and increase the distance between Er®* ions, which thus reduce the
nonradiative relaxation rate and increase the concentration quenching
threshold. As a result, the PL lifetime of 483/2 of Er®* was prolonged
after codoping with Li* (Fig. 10c). Meanwhile, the green and red UC
emission intensity of NaYF,:18%Yb®* /4%Er®* /4%Li* were 2 and 3.3
times stronger than that of NaYF4:18%Yb>* /2%Er®* counterpart, re-
spectively (Fig. 10d).

3.4. Engineering the host composition

Engineering the host composition is occasionally applied to tune the
optical properties of Ln®" in disordered crystals [54,124]. Recently,
Dong and co-workers developed a facile and highly effective approach
to tailor the UC emission by engineering the composition of cubic
Na,REF; ., NCs. The local structure can be modified by precisely con-
trolling the [Na]/[RE] and [F]/[RE] ratios (Fig. 11). As [Na]/[RE] (or
[F1/[RE]) increased, the particle size became larger and the lattice
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Fig. 11. Schematic illustration showing Na,REF3 ;4 (x = 1, 0.75, 0.5) in a unit
cell and the corresponding UC spectra. (Adapted with permission from
Ref. [54]. Copyright 2015, American Chemical Society.).

Table 4
EXAFS Parameters of Y>* in Na,YF5,, NCs. (Adapted with permission from
Ref. [54]. Copyright 2015, American Chemical Society.).

Sample” Shell CN Sample® Shell CN
S1 Y-F 7.1 F1 Y-F 6.9
S2 Y-F 7.7 F2 Y-F 7.3
S3 Y-F 7.9 F3 Y-F 7.9

? The molar ratio of [Na]/[RE] for samples of S1-S3, F1-F3 is 0.49, 0.73,
0.84, 0.48, 0.72 and 0.96, respectively.



W. You et al.

parameters increased under otherwise identical synthesis conditions.
Meanwhile, a slight increase of coordination number for Y** in Y-F
shell was observed (Table 4), indicative of the distortion in the local
environment around Ln®* dopants. Furthermore, the overall UC emis-
sion of Er®* in Nag sYF5 5:Yb>* /Er®* NCs was revealed to be ~ 9 times
stronger than that of NaYF,:Yb®*/Er®* counterparts (Fig. 11). Like-
wise, a significant enhancement of UC red emission can be achieved by
engineering the host composition. The ratio of red to green emission of
Er®* was observed to increase from 1.9 to 71 in Na,YF5, <Yb®* /Er®*
NCs when the ratio of [Na]/[RE] decreased from 0.96 to 0.48 [54].
Inspired by this work, Lin and co-workers synthesized nonstoichio-
metric Na,YbF5, Er®" NCs via a facile solvothermal method [124].
With decreasing [Na]/[RE] and [F]/[RE] ratios, the UC emission in-
tensity was gradually improved and red-to-green ratio increased as
well, upon excitation at 915 nm. The enhanced UC emission and in-
creased R/G ratio were attributed to the relatively high concentration
of Na*/F~ vacancies in the Na,YbF; . host with low [Na]/[RE] ratio.

4. Conclusions

This review focuses on the site symmetry and optical properties of
Ln3*-doped disordered crystals. By using Ln®" ions as spectroscopic
probes and analyzing the high-resolution PL spectra, universal break-
down of crystallographic site symmetry has been revealed in a series of
disordered crystals. Furthermore, the PL efficiency can be improved and
the optical performance can be modulated via codoping Ln®* with
cations (homovalent or heterovalent ions) or engineering the host
composition. As a result, a series of highly efficient Ln®*-doped dis-
ordered phosphors were developed for diverse applications.

Despite the great advances in synthesis, charaterization and appli-
cations of Ln®>*-doped disordered crystals, there still many challenges
remaining. On one hand, the microstructure of disordered crystals is
much more complicated than that of ordered crystals. The optical
spectroscopy characterization of Ln®*-doped disordered crystals has to
be complemented by other high-resolution structural characterization
techniques (e.g., scanning transmission electron microscope and elec-
tron energy-loss spectroscopy), which may provide direct micro-
structural information of the crystals. Only in this way, a correct and
detailed description of Ln®>*-doped disordered crystals can be achieved.
On the other hand, the relationship between local structure and optical
properties of Ln®>* in disordered crystals is still not fully understood so
far. More fundamental insights (e.g., CF energy level fitting) are highly
desired to identify the electronic energy levels and CF parameters in
these Ln®*-doped disordered phosphors, which is extremely important
for clarification of the relationship between the microstructure and
optical performance. Moreover, the results of CF energy level fitting
might provide a useful guide to optimize the PL performance of Ln®™*-
doped disordered crystals.
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