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Abstract Impurity doping not only provides a funda-
mental approach to impart unique electronic, magnetic and
optical properties to target nanomaterials, but also has
critical influence on nucleation and growth of many func-
tional nanocrystals. In the current study, Y and Sc**
were adopted to tune the shape, size, and upconversion
luminescence properties of Na3ScFg: Yb/Er and NaYF,:Yb/
Er samples, respectively. When Y>" doping concentration
was lower than 10 mol%, the size and shape of NazSc-
Fg:Yb/Er (18/2) nanoparticles gradually changed from ~
18 nm rhombus to 36 nm spheres. Subsequently, the co-
existence of Na3ScFs:Yb/Er and NaYF,:Yb/Er nanoparti-
cles was observed during 20 mol%-50 mol% Y** doping,
and finally NaYF,:Yb/Er nanoparticles became the only
product at > 60 mol% Y>* doping where the role of Sc>™
turned into dopant and the size of nanocrystals decreased
from ~ 30 to 20 nm gradually. Both Y** and Sc** ions
doping could enhance the upconversion luminescence
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intensity of Na3;ScFs: Yb/Er and NaYF,: Yb/Er samples, for
which possible mechanism was proposed from the per-
spective of crystal structure. Finally, the upconversion
luminescence details were disclosed.

Keywords Doping; Crystal growth; Controlled synthesis;
Upconversion

1 Introduction

Rare-earth-based upconversion (UC) nanoparticles,
enabling two or more low energy photons to convert into
higher energy photons, have emerged as a unique kind of
luminescent nanomaterials in the past decades [1-8]. The
unique optical properties of UC nanoparticles, including
high photostability, low background, fingerprint emission
and tunable luminescent lifetime, make them promising
candidates for sensing, anti-counterfeiting, and bioimaging
[9-14]. Moreover, by integrating the luminescent features
with other properties like magnetic properties, UC
nanoparticles offer an opportunity to construct a multi-
functional platform on a single particle for the rising
theranostics [15-17].

Among various rare-earth-doped UC nanomaterials,
Y-based fluorides are recognized as the most efficient
ones for their wide band gap (> 10 eV), low phonon
energy (350 cm™'), good thermal stability and environ-
mental safety [18-20], which can greatly minimize the
non-irradiative relaxation during the photon UC process,
thus acquiring higher efficient luminescence emission
and having been widely used as both UC and even
down-shifting host matrixes for various applications
[21-26]. However, there is almost no study on the


http://orcid.org/0000-0003-1244-3522
http://orcid.org/0000-0002-2956-1763
https://doi.org/10.1007/s12598-022-02159-y
https://doi.org/10.1007/s12598-022-02159-y
https://doi.org/10.1007/s12598-022-02159-y
https://doi.org/10.1007/s12598-022-02159-y
https://doi.org/10.1007/s12598-022-02159-y
http://crossmark.crossref.org/dialog/?doi=10.1007/s12598-022-02159-y&amp;domain=pdf

Doping induced morphology, crystal structure, and upconversion luminescence evolution 1019

impact of Y jons acting as dopants on crystal structure
and UC luminescence (UCL) properties of nanocrystals
containing other rare-earth elements to the best of our
knowledge.

Very recently, continuous efforts have been devoted to
the scandium (Sc)-based luminescent nanomaterials, owing
to the distinct electronic configuration of Sc3t [27-31].
Notably, as the smallest rare-earth element, lanthanide-
doped Sc-based compounds exhibit different optical
behaviors compared with those of the rest, such as NaYF,
nanomaterials. For example, NaScF,:Yb/Er generates
intensive red emission under 980 nm excitation, while
NaYF,:Yb/Er nanoparticles emit strong green light under
identical conditions, induced by the different crystal
structures of host materials and small ionic radii of Sc**
[28, 32]. Moreover, by changing solvent polarity, hetero-
structured Na3zScFs@NaScF, core-shell nanoparticles can
be obtained, which indicates the potentiality for controlled
synthesis of Sc-based UC nanoparticles [32]. Despite the
advances 1in Sc-based nanomaterials, there are rare
achievements on their size, morphology and crystal struc-
ture manipulation toward optical property tuning. In addi-
tion, it is still an urgent challenge to improve their
luminescence efficiency. A variety of methods have been
adopted to enhance the UC intensity, such as bringing in a
co-dopant sensitizer [33, 34], constructing core-shell
structures [35, 36], host lattice manipulation [37, 38],
broadband sensitization [39], surface passivation and so on
[40, 41]. Among these methods, introducing dopants into
host lattice to change the lattice symmetry is useful to
enhance UCL intensity. Moreover, due to the small ionic
radius and the same valence, Sc3* ions can also easily enter
into the crystal lattices of other rare-earth-based nanoma-
terials as dopants for modulation of crystallographic
parameters toward UCL tuning [42, 43].

Herein, we firstly introduced Y> as dopants into
Na3ScFg: Yb/Er (18/2) system to tune the morphology, size,
and UCL features. With the increasing of Y concentra-
tion, hexagonal NaYF,:Yb/Er nanoparticle became the
only product while the Sc** began to act as dopants. For
NaYF,4:Yb/Er/Sc (18/2/x mol%) systems, the variations of
size, morphology and UCL intensity were also explored in
detail. The crystal structure variation induced by doping
from monoclinic Na3ScFg: Yb/Er to hexagonal NaYF4:Yb/
Er was carefully illustrated in Scheme 1. Then we obtained
nanomaterials with strong red emission and green emis-
sion, respectively. The possible inherent mechanism for
enhanced luminescence intensity was proposed. Such tri-
valent ions doping may give rise to interesting physical and
chemical properties which are difficult to realize by mono-
or bi-valent ions doping, such as Li* [44], Na* [45], or
Zn*t/Ca>" [46-48].
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2 Experimental
2.1 Materials

Scandium (IIT) chloride hydrate (99.99 wt%), yttrium (III)
chloride hydrate (99.99 wt%), erbium (III) chloride hydrate
(99.99 wt%), ytterbium (III) chloride hydrate (99.99 wt%),
sodium hydroxide (98 wt%), ammonium fluoride
(98 wt%), methanol, cyclohexane, 1-octadecene (90 wt%)
and oleic acid (90 wt%) were obtained from Sigma-
Aldrich and used as received without further purification.

2.2 Characterization

Powder X-ray diffraction (XRD) analysis was carried out
on a Bruker D8-advance diffractometer, operated at 40 kV
and 40 mA with the monochromatized Cu Ko radiation
(2 = 0.15406 nm) and the measurement was performed at
ambient temperature in the range of 20 = 10°-80° with
5 (°)~min71. Transmission electron microscopy (TEM)
measurements were conducted on a Hitachi 7700 trans-
mission electron microscope at an acceleration voltage of
100 kV. High resolution TEM (HRTEM) images and
energy-dispersive X-ray (EDX) spectra were acquired on a
Tecnai G2 F20 microscope. Elemental analysis of rare-
earth ions was conducted by inductively coupled optical
emission spectrometer (ICP-OES) analysis on a PE Optima
5300DV spectrometer. The UCL properties of NazSc-
Fe:Yb/Er/Y (18/2/x mol%) and NaYF,:Yb/Er/Sc (18/2/
x mol%) were characterized by Edinburgh F920 fluores-
cent spectrometer, which was equipped with a diode laser
(980 nm). The pumping power of laser was fixed at a value
of 20 mW for all samples.

2.3 Nanocrystals synthesis

In a typical experiment, 1 mmol RECI;-6H,0 (x mol% Y,
(80 — x) mol% Sc, 18 mol% Yb, 2 mol% Er) were added
into a 50 ml three-necked flask containing oleic acid
(12.5 ml) and 1-octadecene (12.5 ml) with magnetic stir-
ring. The resulting mixture was heated to 150 °C and kept
for 1 h under vigorous stirring before cooling down to
70 °C. Then, 10 ml methanol solution containing of
0.222 ¢ NH4F and 0.12 g NaOH was put into the flask.
Subsequently, the resulting mixture was stirred for 30 min
to remove the methanol, the solution was then heated to
300 °C under an N, environment for 1.5 h and cooled down
to room temperature. Afterward, the reaction mixture was
precipitated by addition of ethanol and collected by cen-
trifugation for 5 min at 9000 r-min~"'. The as-synthesized
nanocrystals were washed with ethanol and water for four
times and finally redispersed in cyclohexane for future use.
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Scheme 1 Schematic illustration of crystal structure evolution from monoclinic Nas;ScFg:Yb/Er to hexagonal NaYF4:Yb/Er

nanocrystals at varying experimental conditions
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Fig. 1 a—c TEM images of NazScFg:Yb/Er/Y (18/2/x mol%) nanocrystals doped with 0 mol%, 5 mol% and 10 mol% Y3*; insets in a—

c are corresponding HRTEM images. d XRD patterns and e UCL spectra of samples in a—c

3 Results and discussion doping concentration is increased. Rhombus-like NasSc-
Fg:Yb/Er (18/2 mol%) nanocrystals were obtained at
TEM images shown in Fig. la—c indicate that the mor- 0 mol% Y>' doping, of which the average size is ~ 18

phologies and sizes of as-synthesized Na3;ScFq:Yb/Er/Y  nm. Then the final products changed to cubes with the
(18/2/x mol%) nanoparticles obviously change when Y>©  average size of ~ 30 nm at 5mol% Y>" doping.
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Nanospheres with average size of ~ 36 nm could be
obtained if we kept increasing the doping concentration of
Y>" to 10 mol% (Fig. S1). XRD data in Fig. 1d indicate
that the samples doping Y>* ions at 0-10 mol% are all
pure monoclinic phase Na3zScFe. The insets in Fig. la—c are
HRTEM images of single Na3ScFq: Yb/Er/Y (18/2/x mol%)
nanoparticles, indicating that the fringe distances are
all ~ 0.47 nm and agree well with the lattice spacing of
(011) planes of monoclinic Na;ScFg crystals. Above results
of XRD data and HRTEM analysis illustrate that intro-
duction of Y>" at 0—10 mol% did not alter the monoclinic
single crystallinity of the final products and that Er’",
Yb** and Y** were successfully doped into Na;ScFg
crystal lattices, as confirmed by elemental mapping
(Figs. S2 and S3) and ICP-OES analysis (Table S1), where
the actual Y>* concentrations doped in NazScFs: Yb/Er/Y
(18/2/x mol%) samples increase with the theoretical con-
tents, though it is always lower than the feed value.
Under 980 nm laser excitation, the characteristic emis-
sion peaks of Er’" centering at 545 and 654 nm (Fig. le)
were observed for samples of Na;ScFq:Yb/Er/Y (18/2/
x mol%, x =0, 5, 10). The two emission bands could be
ascribed to radiative energy transfer from ’H, 1/, *S3/> and
“Fyos» levels of Er't to its ;5 level, respectively. The
emission focused on 654 nm was much stronger than that
of 545 nm. Herein, stronger red UC emission were
observed from all of NazScFe:Yb/Er/Y (18/2/x mol%,
x =0, 5, 10) samples, among which Na;ScFs: Yb/Er/Y (18/
2/5 mol%) shows the strongest luminescence, Na;ScFs:Yb/
Er/Y (18/2/10 mol%) ones are at the medium level, and
Na3ScFs: Yb/Er (18/2 mol%) nanocrystals give the weak-
est. The intensity of NazScFq:Yb/Er/Y (18/2/5 mol%)
sample is about 5 times as much as that of NazScFg: Yb/Er
(18/2 mol%), which can be seen from Fig. S4a. Herein,
Y3+ doping can effectively enhance the UCL intensity of
Na3ScFe: Yb/Er (18/2 mol%) samples. It is worth pointing
out that, though Y3+ introduction-induced particle size
variation also gives rise to UCL enhancement because the
surface defect density of corresponding sample reduces, it
only takes up a very small portion because 10 mol% Y>"
doping nanocrystals own the largest size while the maxi-
mum enhancement is observed at 5 mol% Y>" doping.
Such comparison was carefully made by keeping other test
conditions identical, which is helpful and straightforward
to choose the most suitable one for further applications,
such as biosensing, bioimaging and so on. The red to green
ratio (R/G) also increases from 3.66 in Na3ScF¢: Yb/Er (18/
2 mol%) to 10.29 in Na3ScFq: Yb/Er/Y (18/2/5 mol%) and
4.88 in Na;ScFq: Yb/Er/Y (18/2/10 mol%) (Fig. S4b).
When Y>" doping concentrations were set as 20 mol%-—
50 mol%, mixture was obtained. Corresponding TEM
images, HRTEM images and XRD patterns are listed in
Fig. 2. Small amount of nanospheres (Fig. 2a) which were
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recognized as hexagonal NaYF,:Yb/Er according to XRD
patterns (Fig. 2g), started to show up when Y>* doping
concentration was higher than 20 mol% though monoclinic
Na3ScFs: Yb/Er nanocrystals were dominant. Then, the
amount of hexagonal NaYF,:Yb/Er samples kept increas-
ing, which was accompanied with the decrease in mono-
clinic NazScFq:Yb/Er nanoparticles at increased Y3+
doping concentration until at 50 mol% Y>* (Fig. 2g).
Taking Na3ScFg: Yb/Er/Y (18/2/20 mol%) samples as an
example, HRTEM images (Fig. 2e, f) corresponding to
nanosphere and nanocubes selected from Fig. 2a show
typical crystalline interplanar spacing of hexagonal NaYF,
and monoclinic Na3ScF¢, which were identified as 0.52 and
0.47 nm and matched well with (100) facet of hexagonal
NaYF, crystals and (011) facet of monoclinic Na3ScF,
respectively. Herein, the two phased nanocrystals grew by
themselves and existed as a physical mixture, rather than,
for example, as core—shelled structures.

Further increasing Y>* doping concentration to
60 mol%, monoclinic Na;ScFg disappeared. TEM images,
XRD patterns and UC Iluminescence spectra of pure
hexagonal NaYF, nanocrystals are presented in Fig. 3.
Uniform nanospheres were gained at 60 mol% Y>" doping
concentration (Fig. 3a), of which the average size was ~

30 nm and XRD data indicated that monoclinic Nas;Sc-
Fs:Yb/Er nanocrystals completely transformed into
hexagonal NaYF,:Yb/Er ones (Fig. 3e). Further increasing
Y3+ concentration to 70 mol%, 75 mol% and even
80 mol% would not result in obvious morphology or phase
structure variation of hexagonal NaYF,:Yb/Er ones
(Fig. 3b—e) though the sizes of final products kept
decreasing. Figure S5 shows that the sizes of NaYF,:Yb/
Er/Sc (18/2/x mol%) samples with Y3* concentrations of
70 mol%, 75 mol% and 80 mol% focus on 28, 24 and
22 nm, respectively. Compare the gradual variation of
XRD patterns in Fig. 3e carefully, we found that diffrac-
tion peaks agree well with the standard hexagonal NaYF,
(JCPDS No. 16-0334) and no impure diffraction peaks are
seen at 60mol%—80 mol% Y>* doping concentration.
Actually, hexagonal NaYF, became the host crystals while
Sc* began to act as dopant and NaYF,:Yb/Er/Sc nano-
spheres were the final products during this stage, as con-
firmed by elemental mapping (Figs. S6 and S7) and the ICP
results (Table S2). Under 980 nm laser excitation, NaY-
F4:Yb/Er/Sc (18/2/x mol%) nanocrystals all produce strong
green UC emission (Fig. 3f), which is contrary to NazSc-
Fg:Yb/Er (18/2 mol%) nanoparticles generating strong red
UC emission. The maximum UCL intensity enhancement
of NaYF,:Yb/Er/Sc (18/2/x mol%) samples was obtained
at 75 mol% Y>" contents, namely, i.e., at 5 mol% Sc>"
doping where ~ 10 times enhancement was observed.
When the concentration of Y** was 80 mol% and no Sc**
doping, the sample shows the lowest luminescence
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Fig. 2 Typical TEM images of NasScFgYb/ErY (18/2/x mol%) nanocrystals with Y3* at a 20 mol%, b 30 mol%, ¢ 40 mol%,
d 50 mol% doping concentrations, respectively; e, f HRTEM images of nanocrystals selected from a showing hexagonal NaYF, and
monoclinic Na3ScFg crystal lattice constants, respectively; g XRD patterns of Na3ScFg:Yb/Er/Y (18/2/x mol%) nanocrystals

intensity, suggesting that introduction of Sc** into NaY-
F4:Yb/Er (18/2) nanocrystals can also enhance UCL
intensity. The integrated intensity of the samples can be
directly observed from Fig. S8a. R/G ratio also varied with
Y3 contents increasing which is show in Fig. S8b.
According to the discussion above, we reason that the
introduction of Y>" or Sc** caused nanocrystal structures
variation (expansion or contraction) takes responsibility for
the UC emission enhancement. The introduction of dopants
disturbed the local symmetry and resulted in changes in the
crystal field. Consequently, the distance between sensitizer
(Er3 Y and activator (Yb3+) was affected, leading to energy
transfer probabilities variation. Herein, UC emission
intensity could be tuned [38]. To prove this viewpoint, we
zoomed in the part of XRD patterns of NazScFq:Yb/Er/
Y (18/2/x mol%) samples at 26 of 20°-24°, finding that the
positions of the diffraction peaks regularly shifted when
Y** doping contents increased. As exhibited in Fig. 4a, the
dominant diffraction peak at 22.038° which corresponds to

f

&«

(110) crystal planes of monoclinic phase Na3ScFg: Yb/Er/Y
(18/2/x mol%) samples gradually moves to smaller angle
with Y>" contents increasing from 0 to 10 mol%. For the
situation of NaYF,:Yb/Er/Sc (18/2/x mol%) samples, we
pay attention to XRD patterns at 17.204° (Fig. 4b) which
correspond to (100) facets of hexagonal phase NaYF,
nanoparticles. Obviously, the diffraction peaks move to
small angle during the range of 60 mol%-80 mol% Y™
concentrations. That is to say, the diffraction peaks of
NaYF,:Yb/Er/Sc (18/2/x mol%) nanocrystals shift gradu-
ally to larger angle with Sc** doping concentrations
increasing. According to Bragg’s Law:

niA = 2dsin 0 (1)

where n is the order of reflection, 1 is the wavelength of the
incident wave (Cu Ko, 0.154 nm), d is the interplanar
distance, and 6 is the angle between the incident wave and
the scattering planes. Herein, the enlarged interplanar
crystal spacing will induce shifting toward a small

Rare Met. (2023) 42(3):1018-1027
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Fig. 3 TEM images of as-prepared NaYF,:Yb/Er/Sc nanocrystals wi

ith Y3* at a 60 mol%, b 70 mol%, ¢ 75 mol%, d 80 mol% doping

concentrations; e XRD patterns and f UC spectra of samples in a—d

diffraction angle, and vice versa. The effective ionic radius
of Y’ is 0.106 nm, which is close to that of Sc>*
(0.083 nm) [32]. Considering the same valence, it is easy
for Y** and Sc®" to substitute each other as dopants. For
the Na3ScFg:Yb/Er/Y (18/2/x mol%) system, Y3* with
larger ionic radius act as dopants, which results in larger
interplanar crystal spacing, i.e., smaller diffraction angle.
This is consistent with XRD results (Fig. 4a). As to NaY-
F4:Yb/Er/Sc (18/2/x mol%) nanoparticles, Sc** become
dopants, the unit cell of NaYF, would shrink, making XRD
peak shift toward bigger angles according to the Bragg’s
law, which agrees well with XRD patterns in Fig. 4b.
Obviously, the introduction of dopants into host crystal
structures will bring about changes in host lattice. Conse-
quently, the local crystal field symmetry around emitters
jons (Er’™) was affected, which was anticipated to regulate
their radiation parameters and enhance corresponding UCL
intensity.

To explore the details of Y** or Sc’* as dopants
induced UCL enhancement, the excitation power-depen-
dent UC emissions were characterized (Fig. 5). In general,
during the unsaturated UC process, the photon numbers
consumed for giving rise to an UC emission band can be
described as the following equation:

Iy, o P"

(2)
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where I, represents the UCL intensity, P represents the
pumping laser power and n represents the number of
required pumping photons. Herein, the value of n can be
acquired from the slope of the linear plots between In/,,
and InP. For the case of Na3ScFe: Yb/Er/Y (18/2/x mol%),
corresponding results are listed in Fig. Sa—c, which indi-
cate that UC emissions fixing on 545 and 654 nm all abide
by a two-photon process for the nanocrystals at Y>* con-
tents of 0 mol%, 5 mol% and 10 mol%, respectively.
Figure S9a—d lists the photon numbers acquired for NaY-
F,:Yb/Er/Sc nanocrystals with Y>* contents at 60 mol%,
70 mol%, 75 mol% and 80 mol%. Also, both the green
(545 nm) and red (654 nm) emissions follow two-photon
UC processes no matter doping without or with Sc™ at
various contents. Herein, UC emission mechanism was not
changed by Y>" or Sc** doping. The outstanding variation
in R/G ratios from Na3ScFs:Yb/Er/Y to NaYF4:Yb/Er/Sc
samples was due to difference in the host crystal structures
and the ionic radii of Y>* (0.106 nm) and Sc** (0.083 nm).
On the one hand, the hexagonal NaYF, (JCPDS No.
16-0334) with the crystal lattice parameters of a = b =
0.596 nm and ¢ = 0.353 nm tends to the energy transfer
from 4S3/2 and 2H11,2 to 4115/2, generating obvious green
UC luminescence, which is exhibited in Fig. 3f [26]. On
the other hand, Sc>*—Sc>* distance is much shorter than

2
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Fig. 4 a (110) crystal facet of monoclinic NasScFe:Yb/Er/Y (18/2/x mol%) doped with varying amounts of Y3*; b (100) crystal facet of
hexagonal NaYF,:Yb/Er/Sc (18/2/x mol%) with various amounts of Y3*

that of Y3+—Y3+, which will create closer Erit—Yb>*
cation pairs in NazScFg system, which may result in much
strong red emission [32].

Figure 5d depicts the energy level diagrams and UC
processes of Er’ ™ and Yb*" where Yb>" was excited to the
’Fs;» level by absorbing a 980 nm photon. The corre-
sponding energy was transferred to “I;;/, level of nearby
Er’™ and went back to its ground state. Population on the
metastable *I,,,, level, Er’* can either relax to its lower
state *I13» through nonradiative transfer process or directly
arrive at its higher energy level “F;,, by absorbing another
photon at 980 nm. From N3 energy level, Er**can reach
to its higher energy level “Fo/, by absorbing a 980 nm
photon. Populating at *F;, state, Er*™ will emit 525 nm,
545 nm photons via relaxing to 2H11 ,» and 4S3/2 level and
then return to the ground state 4115,2. Meanwhile, the
transitions from 4F9,2 level to the ground state of Er*t
produce 654 nm photons.

As for the great difference in R/G ratio of monoclinic
Na3ScFs: Yb/Er and hexagonal NaYF,:Yb/Er, we speculate
that the crystal structure of host material plays a crucial
role. As the smallest rare-earth element whose ion radius
was 0.083 nm (Rs. = 0.083 nm), Sc-based materials may
present shorter interatomic distances than other bigger rare-
earth elements involved materials when present in the
similar fluoride-bridged moieties inside the host lattice
structure. Once Er’" are introduced, they will occupy Sc
sites. Consequently, red UC emission is realized for that
relatively short Er**—Er’" distance strengthen the cross-

aQ

relaxation between Er*", which promote the photon pop-
ulation on 4F9,2 level of Er*™ (Fig. S10). Thus, monoclinic
Na3ScFg: Yb/Er with relatively shorter Er*t—Er*t distance
shows red UC luminescence and hexagonal NaYF,:Yb/Er
shows green UC luminescence [28, 32, 49, 50].

To further explore UC process and inherent mechanism,
Er*t decay curves for Na3ScFg:Yb/Er (18/2 mol%) and
NaYF,:Yb/Er (18/2 mol%) samples were characterized. The
UCL lifetimes of Er’ ' ions were recorded at 545 and 654 nm
under 980 nm excitation, as shown in Fig. S11. Corre-
sponding lifetime fitting parameters are presented in
Table S3 and Table S4. The decay behaviors of Er’ " all show
second-order exponential decay, which can be described by:

I(t) = Ay exp(—1/11) + Ay exp(—t/12) (3)

where [ is the emission intensity, ¢ is the time, 7; and 1, are
the shorter and longer lifetime constants, and A, A, are
fitting parameters which represent the original
contributions for the shorter and longer decay time.
Using these parameters, the average decay time can be
determined by the following formula [51]:

T = (Alr% +A2‘E%) + (A7 + Ar12) (4)

The lifetime values of 4F9/2—4115/2 and 2H1 1/2/483/2—4115/2
transitions for Er’* were calculated in NaYF,:Yb/Er and
Na3ScFq: Yb/Er nanocrystals, respectively. As shown in
Tables S3 and S4, the effective lifetime values of
545/654 nm were determined to be 445/864 and 95/148 s
in NasScFg:Yb/Er (18/2 mol%) and NaYF,;:Yb/Er (18/

Rare Met. (2023) 42(3):1018-1027
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Fig. 5 a—c Pumping power dependence of green and red emission of NazScFg:Yb/Er/Y (18/2/x mol%) nanocrystals doped with
0 mol%, 5 mol% and 10 mol% of Y3*; d schematic energy level diagrams of Yb®* and Er®* ions as well as proposed UC pathways for

green and red emissions

2 mol%), respectively. As is well known, the lifetime
constant is the reverse of the sum of the radiative and
nonradiative transition rates. Compared with NaYF,:Yb/Er
nanocrystals, the shorter Yb’>T—Er’"t distance in
Na;ScFq: Yb/Er enhances energy transfer from Yb’' to
Er*", which favors the phonon population of both *S5,,/°H, 1 »
and “Fs» levels. Herein, it’s reasonable that both the
luminescence lifetimes of 545 and 654 nm are longer than
that in NaYF,:Yb/Er [49, 50]. By the way, for that the shorter
Er*T-Er’T distance in NazScFe: Yb/Er also favor the cross-
relaxation process (4F7,2 + 4111,2 — 4F9,2 + 4F9/2) of Er*™,
much more enhanced luminescence lifetime of 654 nm (from
148 to 864 ps) is observed compared with 545 nm (from 95 to
445 ps).

4 Conclusion
Precise-tuning of the crystal structure, size, morphology, and

UCL of Na3ScF¢:Yb/Er/Y and NaYF,:Yb/Er/Sc has been
realized through controlling Y*>* concentration, where ~ 5

Rare Met. (2023) 42(3):1018-1027

and 10 times UCL enhancement was obtained in NasSc-
Fe¢:Yb/Er and NaYF,: Yb/Er samples, respectively. Based on
sufficient experimental details, the possible mechanism for
enhanced luminescence intensity was proposed from the
point view of nanocrystal structure. The current work has
further disclosed the key function of Y>* and Sc®™ in the
controlled synthesis and property modulation of rare-earth-
based UC nanocrystals and may pave a new way for us to
select new materials with unique UCL property.
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