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Heavy Element Approach to Realize Efficient Upconversion
Luminescence of Er-Rich Nanoparticles

Jun Yuan, Kefan Wu, Long Shao, Hongfei Li, Langping Tu,* Jing Zuo,* and Hong Zhang*

Allowing high-level doping is one typical advantage of the spatial confinement
effect of rare earth-relevant upconversion nanosystems. It also triggers many
imaginations in constructing super-bright upconversion nanomaterials. The
latter, unfortunately, has not achieved remarkable progress. Among other
factors, the interaction between the rare earth ions and the surrounding hosts
also plays an important role. Herein, we demonstrate that heavy element
introduction can significantly enhance the upconversion efficiency of the Er3+
highly doped nanosystems. Briefly, cubic alkaline-earth matrices are employed
as model hosts of ultrasmall M, ErF,,, (M = Ca, Sr, Ba) nanoparticles, in
which the interaction between Er and M is different from the well-established
NaErF, system. As a result, the optimized SrErF; @SrYF5 nanoparticles with a
5 nm inert shell exhibit superior upconversion emission, which is 8.5 times
higher than that of the yet most effective hexagonal phase-NaErF, @ NaYF,
reference nanoparticles. On top of that, the upconversion luminescence of

SrErF; @SrYF; exhibits strong temperature dependence-a

two-order-of-magnitude increase of green emission is observed when the
nanoparticles are cooled down from room temperature to 80 K, which
highlights its potential in high-sensitivity temperature sensing. All these
results provide a new possibility to further improve the upconversion

luminescence of highly doped materials.

1. Introduction

Upconversion luminescence (UCL) in lanthanide (Ln3*)-doped
materials was first observed experimentally in the 1960s.[!] Over
the past two decades, with the advances in nanochemistry, there
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has been a notable increase in inter-
est in UCL nanomaterials that are capa-
ble of converting continuous-wave near-
infrared (NIR) light into visible and ultra-
violet (UV) light, particularly for biomed-
ical applications.’)’ In comparison to
other optical materials, such as organic
dyes and quantum dots, upconversion
nanoparticles (UCNPs) possess a multi-
tude of distinctive advantages.’! In ad-
dition to a large anti-Stokes shift, UC-
NPs also feature a sharp emission band,
long excited-state lifetime, as well as
high resistance to optical blinking and
photobleaching.[*l Despite the consider-
able advancements that have been made
in the synthesis and functionalization of
UCNPs, the relatively low upconversion
efficiency of these nanoparticles (0.01-
5%) remains a bottleneck for their further
application.l®]

The luminescence efficiency of UC-
NPs primarily depends on the radia-
tive and nonradiative transition probabil-
ities inherent to the sensitizer/activator
system.[®] These parameters are closely
correlated with the nanoparticles’ size, the doping concentration,
the nanostructure design, and the selection of the host mate-
rial, etc.’] Among them, the interactions between the host ma-
terial and the lanthanide ions (particularly the local field prop-
erties, such as symmetry and electron-phonon coupling) can
have a considerable impact. Specifically, hexagonal NaLnF, has
long been regarded as one of the optimal host materials due
to its low phonon energy, which serves to diminish nonradia-
tive energy loss.®] Nevertheless, recent works have indicated
that some carefully selected host materials may present bet-
ter UCL performance, including efficient UCL in orthorhom-
bic KYb,F, nanocrystals with a distinctive Yb** tetramolecular
cluster configuration,l® and strong blue and UV emission of
the LiYbF,: Tm3* system.!'"! Very recently, alkaline-earth tetraflu-
oride was reported as a promising alternative to hexagonal
NaLnF, for co-doped upconversion materials.''l For instance,
in comparison to classical NaGdF,:Yb**, Er** @ NaGdF,, SrLuF:
Yb*+, Er** @SrLuF; core/shell nanostructure, it performs five-
fold higher upconversion emission.[!1?]

Despite these progresses, the above-mentioned matrix-related
improvements were all carried out in Yb-sensitized upconversion
systems whose absorption band was only located at 980 nm
(though with a relatively broad range). It limits their adaptability
in a wider range of applications. Specifically, although Yb** can

© 2025 Wiley-VCH GmbH
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effectively absorb NIR light as a sensitizer, its absorption band
is restricted within 915-1020 nm. In that case, the relevant ma-
terials can not be excited by 808 or 1530 nm. However, UCNPs
excited at 808 nm have been reported to exhibit lower water ab-
sorption and much weaker thermal effects.[?] Moreover, excita-
tion at 1530 nm provides a deeper tissue penetration capability
via reducing auto-fluorescence and photon scattering, making
it particularly advantageous for high-performance deep-tissue
bioimaging.['*! Therefore, the development of Yb**-free upcon-
version materials is of great significance. With the structural de-
sign and synthesis development of the upconversion nanomate-
rials, high doping becomes possible. A typical example is the de-
velopment of Er**-rich core-shell structures in recent years which
has not only broken through the limitations of alternative excita-
tion wavelengths of upconversion materials, allowing 808, 980
and 1530 nm to be converted to shorter wavelengths through
Er’*-Er’* self-sensitization, but also brought in strong MRI/CT
signals in relevant measurements, demonstrating high poten-
tiality in numerous promising applications.!'*] However, to date,
the majority of Er**-rich structures involved UCL phenomena
still come from the classical NaLnF, system, and the upconver-
sion efficiency is not much improved compared to its low-doped
counterparts.l*15] In other words, the effect on the matrix opti-
mization for Er’*-rich systems has not yet been fully explored.
In this work, a series of sub-15 nm M,  ErF,, (M = Ca, Sr, Ba)
nanoparticles are well synthesized. Three factors of this matrix af-
fecting the UCL performance are specifically studied that are 1)
inert shell thickness, 2) core/shell components, and 3) the lattice
mismatch at the core-shell interface. Relevant results showed
that the introduction of inert thick shells with a large ionic radius
and minimal lattice mismatch could significantly strengthen the
upconversion emission. As a result, StErF;@SrYF; nanoparti-
cles with 5 nm inert shells exhibit the strongest UCL, which is 8.5
times higher than that of the classical hexagonal NaErF, @NaYF,
nanoparticles. On top of that, the green emission intensity of
SrErF; @ SrYF nanostructure is increased by two orders of mag-
nitude when the temperature cools down from room tempera-
ture to 80 K. These findings highlight their future for tempera-
ture sensing and provide a new promising avenue for the devel-
opment of high-performance upconversion nanomaterials.

2. Results and Discussion

The series of Er** highly doped bare core and core/shell nanopar-
ticles was successfully synthesized by the thermal decomposi-
tion method.['® The corresponding TEM images (Figure 1a-h)
and size distribution statistics confirm that the three differ-
ent alkaline earth metal-based bare cores (CaErFs, SrErFs, and
BaErF;) are monodisperse with a diameter of ~5 nm, and 9-
9.5 nm after SrYF; shelling (the thickness of the inert shell
is ~2 nm). The XRD results (Figure 1i; Figure S1, Support-
ing Information) clearly illustrate that all these alkaline earth
metal nanoparticles are pure cubic phase (using the cubic phase
BaYF; as a standard, pdf 04-018-2140).1'7] Tt can be found that
the XRD peak of core structures moves toward a small angle
as the radius of the alkaline earth metal atoms increases, in
line with the Bragg law. For comparison, a hexagonal phase
NaErF, @NaYF, nanostructure was also prepared as a refer-
ence (assigning a thickness of 2 nm to the inert shell and a
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larger size of 8 nm to the core), which proceeded to assess the
UCL intensity of series cubic phase nanoparticles, as it is yet
the most effective highly Er**-doped upconversion system. As
shown in Figure 1j, the cubic core/shell structure with CaErF,
core exhibits comparable luminescence intensities to the ref-
erence sample. However, the SrErF; and BaErF;-based cubic
core/shell UCNPs display stronger upconversion emissions, im-
plying that a cubic alkaline-earth metal matrix may become a bet-
ter choice as the host material for Er**-rich upconversion sys-
tems (additional comparison results, such as CaErF;@CaYF;
and BaErF. @BaYF;, can be found in Figure S1-S3, Supporting
Information).

Considering the significant effect of the shell thickness on the
UCL of nanosized particles,!'*4'%] optimization of the shell thick-
ness was implemented prior. Taking SrErFs@SrYF; as an ex-
ample, TEM in Figure 2a—f reveals that SrYF; inert shells with
thicknesses of 2, 3, 4, and 5 nm are successfully achieved on
the 5 nm SrErF; core. The corresponding XRD excludes impu-
rity phases (Figure S4, Supporting Information) introduced dur-
ing the shell growth. UCL spectra of these samples shown in
Figure 2g demonstrate an extremely weak emission of the bare
core under 980 nm excitation with a power density of 7.8 W cm™2.
Increasing the inert shell thickness from 2 to 5 nm, the UCL in-
tensity enhances by up to 371-fold, which could be well attributed
to the effective suppression of the surface defect capture of the ex-
citation energy. The observed gradual increase of the red to green
emission ratio of these samples with the increase of shell thick-
ness (Figure 2h) is interpreted from the competition between
the Er**-Er’*cross-relaxation (CR) and the surface quenching.
Specifically, with a thicker shell, surface quenching is nearly elim-
inated. Er**-Er’** CR thus dominates the upconversion spectra
manipulation and results in an efficient shift from green to red
emission and consequently raises the red-green emission ratio.
In contrast, a thin shell promotes a robust surface quenching,
which shortens fluorescence lifetime and weakens green-to-red
CR energy transfer, ultimately decreasing the red-green emission
ratio (Figure 2i).

After optimizing the component of the core (SrErFs) and the
shell thickness (5 nm), we next focus on the effect of the inert
shell component on the UCL properties. A series of SrErF; core-
based nanostructures with different shell compositions were pre-
pared, where CaYF;, SrYF;, and BaYF; shells are shown in
Figure 3, and SrLuF; and SrGdF; shells are shown in Figures
S4-S7 (Supporting Information). The core diameter of these cu-
bic phase nanoparticles is ~6 nm, and the epitaxial inert shells
are all ~5 nm (Figure 3a—d; Figure S5, Supporting Informa-
tion). The ionic radius effect of the alkaline earth metal ions
on XRD patterns remains (Figure S6, Supporting Information).
As depicted in Figure 3e, the series of cubic core/shell UC-
NPs display consistently displays superior upconversion under
7.8 W cm™ 980 nm excitation (similar results for SrLuF; and
SrGdF; shells are shown in Figure S7, Supporting Information).
Among them, SrErF; @SrYF; exhibits the strongest emission,
with an intensity that is ~8.5 times greater than that of the hexag-
onal NaErF, @NaYF, reference. Furthermore, the superiority of
SrErF; @SrYF; is also observed under the 808 and 1530 nm exci-
tation with enhancement factors of 4.3 and 3.9, respectively (com-
pared with the same NaErF, @NaYF, sample, shown in Figures
S8 and S9, Supporting Information).

© 2025 Wiley-VCH GmbH
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Figure 1. Characterization and luminescent properties of UCNPs. a—d) TEM images of the bare core UCNPs with size distribution. e-h) TEM images of
the core/shell UCNPs with ~2 nm shell. i) XRD patterns of core samples and the standard data of hexagonal phase NaYF, (pdf 04-017-6069) and cubic
phase BaYF; (pdf 04-018-2140). j) Upconversion emission spectra of the core/shell UCNPs under c.w. 980 nm laser excitation of 7.8 W cm™2. The inset

color bar shows their integrated intensities in the visible range.

It is noteworthy that, for the interested SrErF; core
in this work, the priority of the shell component is
SrYF;>BaYF,>CaYF; (only considering the UCL inten-
sity), which differs from the observations in the tra-
ditional SrGdF:20%Yb, 2%Er low-doping system (i.e.,
BaYF;>SrYF,>CaYF;).l'"dl  This difference highlights the
uniqueness of the Er’*-rich upconversion systems. In a tra-
ditional Yb/Er low-doping system, the role of alkaline earth
metal ions in the shell is relatively pure, that is to restrict the
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phonon energy through their large masses, thereby reducing the
non-radiative energy loss from multi-phonon relaxation.[!!219]
However, in the case of Er’f-rich systems (i.e., SrErF), the
interaction between Er’* ions is significantly activated, which
facilitates effective energy migration over long distances. The
excited states are thus more susceptible to the energy traps. In
this scenario, the influence of the defects caused by core/shell
mismatch can no longer be disregarded. As illustrated in
Figure 3f, compared with BaYF;, the inert shells of CaYF; and

© 2025 Wiley-VCH GmbH
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Figure 2. Characterization and UCL intensities of SrErFs-based core/shell nanoparticles. a) TEM images of SrErFs core UCNPs. b—e) TEM images of
the core/shell UCNPs with different SrGdFs shell thicknesses (2-5 nm). f) Size histograms of the series core/shell SrErF; @SrYF5 nanoparticles. g) UCL
spectra of SrErFs @SrYF5 nanoparticles with different shell thicknesses. The inset shows the corresponding integrated UCL intensities. h) Red/green
emission ratio of SrErFs @SrYF5 nanoparticles with different shell thicknesses. i) Schematic illustration of upconversion processes in nanostructures

with different shell thicknesses.

SrYF; exhibit a smaller lattice mismatch with the SrErF core,
leading to fewer potential interface defects (the calculation
process of lattice mismatch is provided in Table S1, Supporting
Information). On the other side, compared with Ca?*, the heavier
Sr2* ion can more effectively suppress the phonon energy at the
core/shell interface. Taking all these effects into account, SrYFs
can be selected as the most suitable shell material for the SrErF,
core.

Our assignment of the core/shell interface defects is further
confirmed by the photoluminescence dynamics. Based on the
experience summarized from traditional low-doping systems, if
the luminescent cores are equal, a longer decay lifetime would
mean less nonradiative relaxation energy loss at the core—shell

Laser Photonics Rev. 2025, 19, e00139
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interfaces.[?*742°] However, these views were also susceptible to
the Er** high-doping UCNPs. Due to the short distance between
Er’* ions, the CR between Er’*-Er** contributes significantly
to the depopulation of the *S;, energy level (green emission).
Therefore, under the excitation of a 488 nm nanosecond pulse
laser, the 540 nm decay process of Er** could be roughly divided
into two parts (Figure 3gh; Table S2, Supporting Information).
The fast decay part (<15 ps) reflects the depopulation process
caused by the robust Er**- Er’* CR in the Er**-rich core (Figure
S10 and Table S3, Supporting Information).l*!! Therefore, only
the slow decay part (>100 ps) could represent the radiative tran-
sition and non-radiative transition effects on isolated Er** in dif-
ferent matrices. Based on this understanding, if the ultra-fast

© 2025 Wiley-VCH GmbH
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Figure 3. Morphology and UCL of SrErFs-based core/shell structures. a—d) TEM images of SrErFs core with different shells and the reference sample
(NaErF,@NaYF,). ) UCL spectra of SrErFs core with different shells and the reference sample (NaErF,@NaYF,). f) Schematic illustration of lattice
mismatch (y) in different core/shell nanoparticles. g) The depopulation processes in Er** heavily doped UCNPs, including radiative/non-radiative
relaxations and temperature-dominated CR processes. h) The 540 nm emission decay curves of series SrErFg based core/shell structures (excited by
488 nm pulse laser). i) The 650 nm emission decay curves of series SrErFs based core/shell structures (excited by 630 nm pulse laser).

CR process is artificially excluded and only consider the slow de-
cay, the empirical connection between the decay lifetime and up-
conversion intensity can be rebuilt as a stronger luminescence
(Figure 3e) is always correlated with a longer fluorescence decay
lifetime (Figure 3h). Furthermore, similar results could also be
observed for the *F, , energy state (Ex: 630 nm, Em: 650 nm).
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Once the ultra-fast CR process is excluded, the length of decay
lifetimes (changed from 152.6 to 213.1 ps, Figure 3i; Table S4,
Supporting Information) fit well the variation of UC emission
intensities in different hosts (Figure 3e).

Next, the effect of ambient temperature on the UCL prop-
erties of the Er’* heavily doped cubic alkaline earth matrix

© 2025 Wiley-VCH GmbH
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Figure 4. Temperature sensing performances of SrErFs@SrYFs core/shell nanoparticles. a) Temperature-dependent (80-300 K) UCL spectra of
SrErFs@SrYFs core/shell UCNPs under 980 nm laser excitation at 1.5 W cm~2. b) The temperature-dependent enhancement factors of green, red,
and visible (green and red) emissions. c) CIE chromaticity diagram of emission colors for the SrErF; @SrYF5 core/shell UCNPs at various temperatures.
d) Temperature-dependent luminescence intensity ratio value of4F9/2 and 453/1 two energy levels and e) calculated absolute sensitivity (S,) and relative
sensitivity (S,) for temperature detection. f) The calculated temperature uncertainty of SrErFs @SrYFs core/shell thermometer.

is explored. As our group reported recently,?!! for the classic
hexagonal NaErF, @ NaYF, structure, introducing cryogenic tem-
peratures can effectively suppress the Er’*-Er’* CR strength,
thus significantly robust the UCL by 1-2 orders of magnitude.
Here, a similar temperature effect is also observed for the cubic
SrErF; @ SrYF; system (Figure 4a,b). The UCL of StErF; @ SrYF;
at 80 K increases 16-fold in the visible light region and 380-fold
in green emission (compared with the room temperature case,
Figure 4b). Subsequently, the temperature-induced chromaticity
coordinate variations are represented in Figure 4c. Obviously, the

Laser Photonics Rev. 2025, 19, e00139
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luminescence color shifts substantially from red to green as the
temperature decreases from 300 to 80 K.

The strong temperature response of SrErF;@SrYF; allows
this nanomaterial to be utilized for sensitive temperature sens-
ing. To date, there are mainly two types of the LIR (luminescence
intensity ratio) based upconversion temperature sensing:1?? 1)
follows the Boltzmann function, and 2) follows the polynomial
function. Specifically, on one hand, if the energy gap (AE) be-
tween two emitting energy levels falls within 200-2000 cm™,
they can be referred to as thermally coupled levels, which are

© 2025 Wiley-VCH GmbH
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suitable for the Boltzmann distribution fitting. This fitting has
a clear physical meaning (i.e., AE represents the energy gap of
two involved energy levels). On the other hand, if the AE exceeds
2000 cm™!, to achieve high fitting accuracy, polynomial fitting
is usually a better choice. However, there is no definite physi-
cal meaning for the fitting results. Here, for the SrErF; @SrYF;
nanoparticle, cryogenic temperatures play two roles simultane-
ously: 1) efficiently suppresses the CR depopulation of green and
red emissions, so the red/green UCL intensities are enhanced
together, 2) hinders the CR of green—red emission transfer. In
that case, the 80 K low temperature induced UCL enhancement
factor of green light (380-fold) will be much greater than that of
red light (only 6 - fold). Due to the complex role of ambient tem-
perature in the UCL, the polynomial functionis employed to to fit
the red/green luminescence intensity ratio (Figure 4d), where the
absolute sensitivity (S,), relative sensitivity (S,), and temperature
uncertainty (§T) are determined as follows:

I
LIR= 84" — AT+ BT2+ CT*+ D (1)
545nm
S, = [M] = A+2BT +3CT? 2)
oT
1 OLIR A+ 2BT + 3CT?
S =100% X [— = 3
r e xR 5T ! AT+ BT2+ CT*+ D )
5T=9T s11p= L s1jp= LOLIR (4)
dLIR S LIR S LIR

where A, B, C, and D are fitting constants. According to the
calculation, the S, reaches a maximum value of 7.3% K! at
100 K, and the S, has a maximum value of 55.4% K~! at 300 K
(Figure 4e,f), which is at the top of the list in many reported re-
sults (Table S5, Supporting Information). For example, the clas-
sical NaYF,:20%YD, 2%Er nanostructure only performs a much
lower S, (maximum 1.2% K-!, Table S5, Supporting Informa-
tion). Furthermore, similar temperature sensing properties can
also be found on the SrErF; @CaYF; and SrErF; @BaYF; struc-
tures. The relevant results are displayed in Figures S11-S15 (Sup-
porting Information). These results suggest that our designed
serial nanomaterials (e.g., StTErF; @SrYF) could also be applied
as powerful temperature sensors, especially for low-temperature
involved applications, such as maintenance of precision instru-
ments, stabilizing of superconducting systems, and ensuring the
reliability of cryogenic storage.

3. Conclusion

In summary, a heavy element effect on UCL of Er**-rich systems
is modelled on a series of sub-15 nm cubic alkaline-earth-metal-
based nanostructures. Our results revealed that the UCL intensity
of these structures is highly sensitive to both the phonon energy
and lattice mismatch at the core/shell interface. Via balancing the
factors including the shell thickness, the core (shell) components,
and the lattice mismatch on the interface, the optimized nanos-
tructure, i.e., StErF; @ SrYF was finally sifted, whose UCL inten-
sity outperforms the widely utilized hexagonal NaErF, @ NaYF,
reference by a factor of 8.5. Additionally, the strong tempera-
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ture response of the SrErF;@SrYF; enables a sensitive tem-
perature detection application, and the maximal relative sen-
sitivity achieves 7.3% K=' (at 100 K). These results highlight
SrErF. @SrYF; as a promising candidate for low-temperature
sensing and provide new prospects for exploring more efficient
Ln high-level-doping upconversion systems.
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Supporting Information is available from the Wiley Online Library or from
the author.
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