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Abstract: Upconversion nanoparticles are promising for many applications. For triple-doped nanopar-
ticles (NPs), the luminescence intensity shows a non-linear dependence on the rare-earth ion con-
centration, making it difficult to obtain bright phosphors with high energy output. We investigated
the energy transfer processes in 3-NaGdF,:Yb-Er-Tm NPs and considered strategies for increasing
the thulium luminescence intensity, in particular, the use of core—shell structures. The luminescence
spectra were analyzed in the short-wavelength infrared (SWIR) and visible (VIS) regions. The Er®*
and Tm>* luminescence lifetimes in the VIS region were measured to study the energy transfer
processes between the active ions. The quenching of the Tm3* luminescence in the SWIR region was
observed. However, both Er3* and Tm3* luminescence bands were observed in the VIS range. We
attribute these effects to energy transfer between Tm3*3F; — 3Hg and Er®* 413, — 415/, which
occurs due to overlap of Er** and Tm3* luminescence bands, and also to competition between Er*
and Tm3* for energy transfer from Yb3*. For core-shell NPs, when Tm3* and Er3* are separated into
adjacent layers, quenching cannot be avoided, likely due to the mutual diffusion of ions during shell
synthesis. The most optimal strategy to obtain luminescence in the SWIR range is to use an inert
intermediate shell between the layers containing Tm3* and Er3*.

Keywords: bioimaging; short-wavelength infrared region; energy transfer; rare earth ions; upconversion;
nanoparticles; solvothermal synthesis technique

1. Introduction

In recent years, upconversion nanoparticles (UCNPs), which produce higher-energy
VIS or near-infrared (NIR) luminescence when excited with low-energy NIR light, have been
extensively investigated. Due to their unique characteristics [1-3] such as very high photo-
stability, absence of photo blinking, long luminescence lifetimes, narrow emission peaks
with large shifts relative to the excitation wavelength, low toxicity, low imaging background,
and functional multimodality, they have been used in a variety of applications, including
bioimaging [4,5], solar cell enhancement [6,7], chemical and biosensing [8-11], contactless
thermometry at the nanoscale [12,13], cancer therapy [14,15], and anti-counterfeiting [16].
UCNPs are highly attractive for biosensing and bioimaging applications due to their
ability to be excited by NIR radiation, which results in lower photo-damage and auto-
fluorescence, as well as deeper penetration into biological tissues due to lower absorption
and scattering [17].

UCNPs typically consist of an inert matrix doped with two types of active ions:
sensitizers and acceptors. The sensitizer absorbs exciting NIR excitation and non-radiatively
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transfers energy to an acceptor that luminesces in the visible or NIR range [18]. UCNPs
doped with Yb*"-Tm3* are especially promising because they can could convert NIR
excitation to NIR luminescence [19-21] and operate within the biological tissue transparency
window at wavelengths between 650 nm and 950 nm. However, this range is not optimal
due to tissue autofluorescence and background noise, which limit the tissue penetration
depth to 1-2 cm [22]. In 2003, it was demonstrated that fluorescence imaging can be
significantly improved in depth and sensitivity by using fluorophores that emit light in the
short-wavelength infrared (SWIR) at 1320 nm. This also provides excellent contrast and a
high signal-to-noise ratio for the resulting luminescence images [23]. Nowadays, there is
a growing interest in bioimaging in the second (1000-1350 nm) and third (1500-1800 nm)
biological windows [24-27]. However, the lack of biocompatible fluorescent probes limits
the use of this highly sensitive spectral range for in vivo imaging. One of them are UCNDPs
doped with rare-earth ions, which can be excited through multiple electron states and produce
luminescence bands in a wide range of the visible (VIS), NIR, and SWIR spectra [28,29]. A
significant number of publications are devoted to the study of nanoparticles (NPs) with
triple doping, which could be used for multimodal bioimaging with subsequent control of
temperature, microenvironment, or probing depth [30-38]. Doping with multiple active
ions allows for the production of multicolor luminescence with controllable bands upon
single wavelength excitation [39-42].

For biomedical applications, it is very important to achieve high intensity of upcon-
version luminescence. The luminescent properties of UCNPs strongly depend on many
factors, including their matrix and doping ions concentration, particle size, shape, phase
and morphology, nanostructure design (such as core—shell parameters), surface ligands,
and excitation characteristics (including pumping power density and beam profile) [43-47].
The choice of host material is crucial for achieving high upconversion luminescence inten-
sity. The hexagonal NaYF, reported to be the most effective matrix due to its low phonon
energy [48-51]. The hexagonal phase NaGdF4, which was studied in this work, possesses
even lower values of phonon energy [52].

Many papers are devoted to optimizing of the composition and structure of UCNPs
to achieve intense upconversion luminescence in the VIS and NIR ranges [53], but the
luminescence in the SWIR range has not been thoroughly studied yet. The study of energy
transfer processes in NPs with triple doping is of great importance for optimizing the
dopant concentration and obtaining SWIR phosphors with high quantum efficiency. The
development of SWIR-based luminescent markers with high luminescence intensity under
infrared excitation is one of the urgent tasks today. This study focuses on synthesizing
B-NaGdF; NPs doped with rare-earth ions Yb3*, Er®*, and Tm3*, investigating their lumi-
nescence characteristics and effect of the shell on the luminescence intensity and energy
transfer processes between the rare-earth ions.

Er** and Tm3* ions are promising for obtaining multicolor luminescence in various
spectral ranges because their matching energy levels enable several resonant and non-
resonant energy transfers and corresponding spectral tuning. To control the luminescence
spectrum, it is necessary to optimize the interactions between ions in such a way that
certain transitions are stimulated or suppressed [54]. The successful modulation of the
VIS Er** emission for the Er**~Tm>" ion pair has been realized. After the introduction of
Tm3*, the green emission of Er®* (Hy, /2 45 /2 4g, /2 — 45 /2) decreased, while the red
emission (*Fq /2 = 45 /2) increased due to the presence of the cross-relaxation process 3F,
(Tm3*) + 4131 /5 (Er®*) — 3Hg (Tm3*) + P9, (Er®*) [55]. This hypothesis was confirmed
by a kinetic model that provided microscopic insight into the energy transfer pathways
leading to spectrally pure emission in multi-doped UCNPs [56,57].

To obtain intense luminescence, it is also important to reduce quenching on high energy
surface oscillators [58]. This can be achieved by using core—shell or complex core-multishell
structures [20,59]. Adding an intermediate shell between the core and second shell, doped
with different active ions, prevents direct chemical and energy transfer interactions between
the active ions. This results in multicolor luminescence with high intensity [58,60]. However,
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it has been shown that active ions in different shells can interact [61]; therefore, determining
the optimal shell thickness and composition is usually a complex issue. Efficient energy
transfer between ions in adjacent shells has also been reported in the literature [62].

In this article, we investigated how the processes of energy transfer between Er3*-Tm3*
ions in triple-doped 3-NaGdF,:Yb-Er-Tm NPs affect the luminescence in the SWIR range.
Various strategies to increase the intensity of thulium luminescence are also considered,
including the use of core-shell structures for the separation of active ions.

2. Materials and Methods
2.1. Synthesis and Characterization of Yb, Er, and Tm Doped B-NaGdF, NPs

The solvothermal technique was used to synthesize oleate-stabilized 3-NaGdF,:
Yb(30.0 mol.%):Tm(0.5 mol.%) NPs, 3-NaGdF,:Yb(20.0 mol.%):Tm(2.0 mol.%) and Yb-
Er-Tm tri-doped 3-NaGdF4 NPs as described in [42,63]. No additional purification pro-
cedures were employed for the chemicals used. Ytterbium, thulium, and gadolinium
acetates (99.99%, LANHIT, Russia) were added to a 500 mL three-necked flask with a
reflux condenser. Then, oleic acid (Chimmed, purity) and octadecene-1 (90%, tech Acros
Organic) were added. The solution was stirred and heated to 140 °C under argon atmo-
sphere (4.8 purity) for 30 min to form the Ln(oleate)3 complex and to remove the water and
acetic acid under vacuum. The temperature was then lowered to room temperature, and
ammonium fluoride (NH4F) (purity, Chimmed, Russia) and sodium hydroxide (NaOH)
(Chimmed, chemical purity) dissolved in the methanol (chemical purity, Chimmed, Russia)
were added to the reaction flask with the corresponding oleates. The resulting solution was
stirred at 50 °C for 1 h. The solution was then slowly heated to 70 °C to remove methanol
under vacuum. After removal of methanol, the solution was heated to 300 °C under argon
atmosphere and kept in such conditions for 1.5 h. The sediment of NPs was obtained by
centrifugation (6500 rpm, 5 min). The resulting NPs were dispersed in chloroform and
washed with alcohol. Part of the prepared NPs was dispersed in cyclohexane for core-shell
particle preparation.

To synthesize core—shell NPs, lanthanide acetates were added to a 500 mL three-necked
flask with a reflux condenser in appropriate proportions, followed by addition of oleic acid
and octadecene-1. The solution was stirred and heated to 140 °C under argon atmosphere
for 30 min to form the Ln(oleate)3 complex, and to remove the water and acetic acid
under vacuum. The solution was cooled to room temperature before adding the core NPs
in cyclohexane and NH4F with NaOH dissolved in methanol to the reaction flask. The
resulting mixture was stirred at 50 °C for 1 h, followed by slow heating to 70 °C to remove
methanol and cyclohexane under vacuum. After the removal of methanol, the solution
was heated to 310 °C under argon atmosphere and kept in such conditions for 1.5 h. The
sediment of NPs was obtained by centrifugation. The resulting NPs were dissolved in
chloroform and washed with alcohol.

The determination of the phase composition of the synthesized samples was per-
formed by X-ray powder diffraction (XRD) technique (D8 Bruker® Advance diffractometer
with CuK« radiation, Bruker, Karlsruhe, Germany). The lattice parameters and coherent
scattering region were calculated using TOPAS v.4.2 software. Particle size and morphology
were analyzed by transmission electron microscopy (TEM, Jeol JEM-2100, Jeol, Tokyo,
Japan) using Image]J v.1.53e software.

2.2. Spectroscopic Study of Yb, Er, and Tm Doped 3-NaGdF4 NPs in VIS and SWIR Ranges

The study involved measuring luminescence spectra in the VIS and SWIR ranges, as
well as luminescence lifetime. Luminescence excitation was carried out using a 980 nm
wavelength laser (Biospec, Moscow, Russia). The output power from the optical fiber
was measured using a PM100D power meter equipped with an 5142C integrating sphere
(Thorlabs, Newton, NJ, USA). The laser irradiation was focused onto the sample in a spot
with 1 cm? area. The pumping power density was estimated to be 1 W/cm?. Scattered
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laser radiation and upconversion luminescence were collected by the fiber and delivered to
the spectrometer.

Luminescence spectra in the VIS spectral range were measured using a fiber-optic
spectrometer LESA-01 (Biospec, Moscow, Russia). To suppress radiation with wavelengths
above 900 nm and to record the upconversion luminescence spectrum in the VIS range, the
FESH900 interference filter (Thorlabs, USA) was used.

The luminescence spectra in the 1000-1700 nm region were measured with a fiber-
optic spectrometer DWAREF-Star (StellarNet, Tampa, FL, USA). To suppress radiation with
wavelengths below 1050 nm and to record the luminescence spectrum in the SWIR range,
the FELH1050 interference filter (Thorlabs, Newton, NJ, USA) was used.

Upconversion luminescence decay kinetics were measured using a C9300-508 streak
camera with a C10627-13 streak scope (Hamamatsu, Hamamatsu-city, Japan). The samples
were illuminated with pulsed laser radiation at a wavelength of 980 nm. The luminescence
signal was recorded using a Hamamatsu streak camera in combination with a fiber-optic
light delivery system. The pulse duration was 8 ms with a repetition rate of 100 Hz. The
sweep time was 2 ms, starting 0.1 ms before the laser pulse end. The detected luminescence
signal was divided into green (transitions 2Hy; Y 4g, /2= 5 /2) and red (transitions 4F, /2
— 45 /2 Er’* and 'G; — 3F4; Tm?*) bands. An exponential fit was used to calculate the
luminescence lifetime for each band.

3. Results and Discussion
3.1. Synthesis and Characterization of Yb, Er, and Tm Doped B-NaGdF4 NPs

The 3-NaGdF4 NPs were synthesized with tri-doping of rare earth ions Yb3*, Er’*,
and Tm3* at Yb:Er:Tm ratios of 10:1:0.5 and 10:1:1. Also during the step-by-step synthesis,
a series of core-shell samples were obtained: (1) tri-doped with Yb*", Er**, and Tm?*
rare-earth ions core with Yb:Er:Tm ratio equal to 10:1:0.5 and 10:1:1 covered with inert
NaYF, shell; (2) NaGdF,:Yb-Er core covered with first NaGdF4:Yb-Tm shell, covered with
inert NaYF, shell; (3) NaGdF4:Yb-Tm core covered with first shell NaGdF,:Yb-Er, covered
with inert shell NaYFy; and (4) NaGdF4:Yb-Tm core covered with first inert NaYF, shell
(intermediate shell), covered with NaGdF,:Yb-Er shell, covered with second inert NaYF,
shell. The doping concentration ratios of Yb:Tm and Yb:Er were chosen to be 30:0.5 and
20:2, respectively, according to the literature data and our previous study [64,65].

3.1.1. X-ray Powder Diffraction Results

The diffraction patterns of synthesized 3-NaGdF;:Yb-Tm(30:0.5), 3-NaGdF4:Yb-Tm
(30:0.5)@NaYFy, p-NaGdF4:Yb-Tm(30:0.5)@NaYF,@NaGdF,:Yb-Er(20:2), B-NaGdF,:NaGdF;:
Yb-Tm(30:0.5)@NaYF;@NaGdF,:Yb-Er(20:2)@NaYF, samples are shown in Figures 1-3.

Comparison of the X-ray diffraction patterns with JCPDS 27-0699 (a = 6.020 A,
¢ =3.601 A) for B-NaGdF, and JCPDS 00-016-0334 (1 = 5.96 A, ¢ = 3.53 A) for B-NaYF,
did not reveal any additional peaks. This indicates that single-phase samples with low-
temperature hexagonal phase were synthesized. The calculated lattice parameters are
presented in Table 1.

The lattice parameters for samples with the outer shell based on 3-NaGdF, are similar.
After synthesizing the NaYF, shell, a decrease in lattice parameters was observed in the
following samples: 3-NaGdF4:Yb-Tm(30:0.5)@NaGdF,:Yb-Er(20:2)@NaYF,, 3-NaGdF,:Yb-
Tm(30:0.5)@NaYFy, 3-NaGdF,:Yb-Tm(30:0.5)@NaYF,@NaGdF4:Yb-Er(20:2)@NaYF,, and
[3-NaGdF,:Yb-Er(20:2)@NaGdF,:Yb-Tm(30:0.5)@NaYF,. This effect could be attributed
to the smaller size of yttrium cations compared to gadolinium cations [66]. The anal-
ysis of lattice parameters shows that the chemical composition of the outer shell has a
strong effect on cell parameters. Despite the different particle size, the lattice parame-
ters for the 3-NaGdF,:Yb-Tm(30:0.5)@NaGdF,:Yb-Er(20:2)@NaYF, and -NaGdF,:Yb-
Tm(30:0.5)@NaYF, samples are similar due to the same chemical composition of the
outer shell.
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Figure 1. X-ray diffraction pattern of the samples: (a) JCPDS 27-0699 of 3-NaGdFy, (b) 3-NaGdF4:Yb-
Tm, (c) B-NaGdF4:Yb-Tm@NaYFy, (d) B-NaGdF4:Yb-Tm@NaYF,;@NaGdF,:Yb-Er, (e) 3-NaGdF4:Yb-
Tm@NaYF;@NaGdF,:Yb-Er@NaYF,, and (f) JCPDS 00-016-0334 of 3-NaYF;.
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Figure 2. X-ray diffraction pattern of the samples: (a) JCPDS 27-0699 of 3-NaGdF,, (b) 3-NaGdF4:Yb-
Tm, (c¢) B-NaGdF4:Yb-Tm@NaGdF,:Yb-Er, (d) 3-NaGdF4:Yb-Tm@NaGdF,:Yb-Er@NaYF,, and
(e) JCPDS 00-016-0334 of B-NaYF,.
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Figure 3. X-ray diffraction pattern of the samples: (a) JCPDS 27-0699 of 3-NaGdFy, (b) p-NaGdF4:Yb-
Er, (¢) B-NaGdF4: Yb-Er@NaGdF4:Yb-Tm, (d) B-NaGdF;:Yb-Tm@NaGdF4:Yb-Er@NaYF,, and
(e) JCPDS 00-016-0334 of 3-NaYF,.
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Table 1. Lattice parameters, unit cell volume, and coherent scattering regions (D) for samples based
on 3-NaGdF,: Yb-Tm and (-NaGdF,:Yb-Er core with multishell architecture. AD indicates the
coherent scattering regions resizing after the next shell growing.

o, o Lattice Unit Cell
Composition T,°C Parameters, A3 Volume, A D (nm) AD, nm
B-NaGdF,:Yb- 4= 60123 (8)
Tm(30:0.5) 300 c=35623(5 ~ 1A1A 13.9.(4)
B-NaGdF,:Yb- ~
Tm(30:0.5)@ 310 . g 'gézg ((57)) 111.79 3) 17.1 (5) 32
NaGdF,:Yb-Er(20:2) =3
B-NaGdF,:Yb-
Tm(30:0.5)@ a = 6.0016 (4)
NaGdFyYb-Er202)@ o0 =357  110B@ - 2350 64
NaYF,
B-NaGdF,:Yb- 4 = 5.9997 (4)
Tm(30:0.5)@ NaYF, 310 c=35%63) 11050 16.7.3) 28
B-NaGdF,:Yb- ~
Tm(30:0.5)@ NaYF,@ 310 .z g 'géég ((;:)) 11112 ) 26.5 (4) 9.8
NaGdF,:Yb-Er(20:2) =3
B-NaGdF,:Yb-
Tm(30:0.5)@ NaYF,@ 4 =59973 (2)
NaGdF, Yb-Er202@ 0 c-3sasy 0 1003 332(4) 6.7
NaYF4
) o, 0 =6.0453 (7)
B-NaGdF4:Yb-Er(20:2) 300 = 35085 (5 113.89 (1) 119 (1)
B-NaGdF,:-Yb-Er(20:2)@ 4 = 6.0041 (5)
NaGdFy:Yb-Tm(30:0.5) o0 ¢ =3.5586 (2) 111.092) 18(1) 6.1
B-NaGdF,:Yb-Er(202)@ B
NaGdF,:Yb- 310 .z g 'gggs ((;)) 109.85 (1) 2.7 (1) 47
Tm(30:0.5)@ NaYF, e

The analysis of the samples with NaYF, shell has shown that the coherent scatter-
ing regions resizing after the next shell growth were 6.4 and 6.7 nm in the case of shell
growing on (3-NaGdF,:Yb-Er (for 3-NaGdF;:Yb-Tm(30:0.5)@NaGdF,:Yb-Er(20:2)@NaYF,
and 3-NaGdF,:Yb-Tm(30:0.5)@NaYF,@NaGdF,:Yb-Er(20:2)@NaYF, samples). For NaYF,
grown on 3-NaGdF4:Yb-Tm, the sizes of the scattering regions were smaller after the next
shell growing, measuring 2.8 and 4.7 nm for the 3-NaGdF,:Yb-Tm(30:0.5)@NaYF, and
-NaGdF,:Yb-Er(20:2)@NaGdF,:Yb-Tm(30:0.5)@NaYF, samples, respectively.

The coherent scattering region increased in size after the synthesis of each subsequent
shell, reaching a maximum value for the NaGdF4:Yb-Tm(30:0.5)@ NaYF,;@NaGdF,:Yb-
Er(20:2)@NaYF,; sample. This suggests that during the shell synthesis, particle growth
occurred through classical crystallization mechanism, where the initial core reacted with
appropriate oleates, NaOH and NH4F from the liquid medium. Finally, the defectiveness of
the core surface decreases, the crystallinity of the nanoparticle improves, and the coherent
scattering region increases.

3.1.2. Transmission Electron Microscopy Results

The size of the particles was also determined by TEM images, as shown in Figure 4.
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Figure 4. Micrographs obtained by TEM for (a) $-NaGdF,;:Yb-Tm(30:0.5); (b) B-NaGdF,:Yb-
Tm(30:0.5)@NaGdF,:Yb-Er(20:2); (c¢) B-NaGdF4:Yb-Tm(30:0.5)@NaYF,; and (d) B-NaGdF,:Yb-
Tm(30:0.5)@ NaYF;@NaGdF,:Yb-Er(20:2). Inset: magnified TEM images with adjusted contrast;
size distribution histograms for length and width.

According to the TEM data, the samples consisted of particles with semi-spherical
morphology. The core-only 3-NaGdF;:Yb-Tm(30:0.5) NPs ranged in size from 15 to 40 nm.
The increase in particle size was observed after shell synthesis for both NaGdF4:Yb-Er(20:2)
and NaYF;, shell; the shell thickness was about 5 nm.

The NaYF, shell was clearly distinguishable by TEM, in contrast to NaGdF,:Yb-Er,
which may be due to the difference in atomic number of yttrium and gadolinium. TEM
images revealed the core-shell architecture of NaGdF,:Yb-Tm(30:0.5)@NaYF;@NaGdF,:Yb-
Er(20:2) NPs.
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3.2. Spectroscopic Study Results
3.2.1. Luminescence Spectra in VIS and SWIR Ranges Analysis

The luminescence spectra, measured in the SWIR range for Yb-Er-Tm tri-doped f3-
NaGdFy, are presented in Figure 5a. The synthesized tri-doped NPs exhibited 1050 nm
(®F5/2 — 2Fy/5 Yb%*) and 1540 nm (*I;5,, — “Ij3/, Er’*) luminescence bands in the
SWIR range.

: . ——NaGdFa:Yb—Er-Tm
20,000 9 NaGdF.-Yb-Er—Tm (10:1:0.5) ! (10:1:0.5)
——NaGdF+:Yb—Er—-Tm (1011) 3113)_,41157(51-3—) _g%ﬁ(jlf;:Yb—Er—Tlll
15. 000 | NaGdFs:Yb-Er-Tm (10:1:0.5)@NaYFs 0.8 4 o
” - - -NaGdF+Yb-Tm (30:0.5)@NaYF [ \l 5
\ <06 A
E I =l
< 10, 000 1 [ g
— / ]'1 T—é 04 -
F5,—F, (YOF) [ 1\ g
|
5,000 { / \ “ 02 -
\
A \ - *Hs—*H, (Tm*") N
I\, Se A 0 T T T T s
0 L — T —| - T - T T T T T T ;N"\l
1450 1550 1650 1750
1000 1100 1200 1300 1400 1500 1600 1700 . nm
A, nm ’
(a) (b)

Figure 5. (a) Luminescence spectra of Yb-Er-Tm tri-doped -NaGdF, in the SWIR range; (b) same
spectra normalized to maximum.

As can be seen from the obtained spectra, no characteristic Tm3* luminescence peaks
were observed in the SWIR range for tri-doped NPs. The luminescence bands correspond-
ing to 3H, — %Hg and °F4 — 3Hg Tm3* transitions (near 1450 nm, and 1650-2000 nm) are
absent in the spectra of tri-doped NPs. A two-fold increase in the Tm3* concentration (up
to 1%) did not significantly change the shape of the luminescence spectrum. As shown
in Figure 4b, only a small decrease in the long-wavelength part of the Er>* emission peak
was observed, which could be attributed to energy transfer from Er3* 415 /o to Tm?3*3F, or
reabsorption of part of the Er>* luminescence by Tm3* ions. The integral Er** luminescence
intensity at 1540 nm wavelength also decreases due to competition between Er®* and Tm3*
for energy transfer from Yb>*. After the synthesis of the inert NaYFy shell, the emission in-
tensity increases dramatically, indicating that the shell separates activators from quenchers
and defects on the NPs surface.

To confirm the presence of Tm** in the NPs composition, we measured the upconver-
sion luminescence spectra of tri-doped NPs in the VIS range, as shown in Figure 6.

The spectra in the VIS range exhibit bands characteristic of both Er®* and Tm3*,
confirming the successful doping of the studied NPs with Tm>*. Since Yb3*-Er®* energy
transfer is resonant, while Yb**-Tm3* energy transfer is non-resonant, the transfer to
Er®* is more likely. This is the reason for the absence of blue thulium luminescence,
which requires at least three energy transfers. However, energy transfer to Tm3* does
occur, as evidenced by the presence of a luminescence peak at 800 nm, corresponding to
the 3H, — 3Hj transition of thulium. The intensity of thulium luminescence at 800 nm
wavelength decreases with an increase in the thulium concentration from 0.5 to 1.0%, which
may be due to the cross-relaxation process Tm3*-Tm3*: 3H, — 3F, and °Hy — 3F, resulting
in a decrease in the population of the >Hy state, as shown in Figure 7.
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Figure 6. Luminescence spectra of Yb-Er-Tm tri-doped (3-NaGdF; in the VIS range.
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Figure 7. Energy level diagram for Yb-Er-Tm with schematic representation of energy transfer processes.

In contrast to Er-Tm doping, an increase in the thulium concentration leads to a de-
crease in the red luminescence intensity of erbium for triple doping with Yb-Er-Tm. The
increase in red luminescence for Er-Tm doping has been explained in the literature by the 3F,
(Tm3*) + 4144 /2 (Er**) — 3Hg (Tm3*) + 4Fy /2 (Er®*) cross-relaxation process [55-57]. We assume
that in our case there is a cross-relaxation between Tm?3* 3F, — 3Hg and Er®* 415 /2 — 4y /2
resulting in a decrease in the population of the *I;3,, level. Energy transfer from Yb®*
to 4135 /2 leads to the population of 4F, /2, which causes the red luminescence of erbium.
The population of thulium 3F4, which participates in the population of *Hy during energy
transfer from Yb3*, also decreases, which can lead to a decrease in the intensity of lumi-
nescence from *Hy along with cross-relaxation Tm3*-Tm3* 3Hy — 3F4 and ®Hg — 3F,, and
a decrease in the luminescence of thulium in the SWIR range from the 3Hy level, which
occurs between 1600 and 2000 nm. Luminescence in the SWIR range during the *Hy — 3F,
transition is less likely than luminescence at 800 nm during the >Hy — 3Hg transition and
is therefore not observed at low concentrations.

Increasing the thulium concentration does not lead to an increase in this peak due to
Tm3*-Tm3*: 3H, — 3F; and 3Hy — 3F, cross-relaxation. As a result, Tm3* demonstrated
weak luminescence in the SWIR range, making it difficult to distinguish between Tm3* and
Er®* luminescence peaks. To prevent energy transfer between Tm3* and Er3*, core-shell
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NPs were synthesized, in which Er®* and Tm3* are located in different layers. Spectra in
the SWIR and in the VIS ranges recorded for NPs with an Er** doped core coated with a
Tm?3* doped shell are shown in Figures 8 and 9.

25000 5 —NaGdFsYb—Er (20:2) 1 A —NangaYb—Er
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Figure 8. (a) Luminescence spectra of core-shell 3-NaGdF,; (NaGdF,:Yb-Er core covered with first
NaGdF4:Yb-Tm shell, covered with inert NaYFy shell) in SWIR range; (b) same spectra normalized
to maximum.
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Figure 9. Luminescence spectra of core—shell 3-NaGdF; (NaGdF4:Yb-Er core covered with first
NaGdF4:Yb-Tm shell, covered with inert NaYFy shell) in the VIS range.
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In the luminescence spectra of particles with an erbium-doped core in the SWIR, a
characteristic band at 1540 nm was observed. After coating with a thulium-doped shell, the
integral intensity of the band decreases, as in the case of triple-doped NPs with an increase
in the Tm3* concentration, which is due to the competition between Er** and Tm3* for
energy transfer from Yb>*. There is almost no change in the shape of the spectrum after the
growth of the shell with thulium; the luminescence peaks of thulium are still not observed
in the SWIR spectra, indicating the energy transfer between the Er3* and Tm3* ions located
in adjacent shells.

The core-only NPs in the VIS range exhibited characteristic erbium luminescence
peaks in the green (*Hyy o, #S3,2 — *I15,2), red (*Fg/p — *115,,), and NIR (*Ig/5 — *I35,,
and ?Hy; /2 45, /2 = 45 /2) parts of the spectrum. After coating with a thulium shell, an
increase in the intensity of the erbium bands is observed in the spectrum of the particles,
presumably due to the additional shell protecting erbium ions from surface quenching. A
thulium luminescence peak at about 800 nm (*Hy — 3Hg) was also present. The intensity
of all peaks was increased by coating the NPs with an inert shell.

Spectra recorded for NPs with a Tm** doped core covered by an Er** doped shell, in
the SWIR and in the VIS range, are shown in Figures 10 and 11, respectively.
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Figure 10. Luminescence spectra of core-shell 3-NaGdF; (NaGdF,:Yb-Tm core covered with first
NaGdF,:Yb-Er shell, covered with inert NaYFy shell) in the SWIR range.
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Figure 11. Luminescence spectra of core-shell 3-NaGdF; (NaGdF,:Yb-Tm core covered with first
NaGdFy:Yb-Er shell, covered with inert NaYF, shell) in the VIS range.
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No signal was observed in the SWIR spectra of core-only 3-NaGdF4:Yb-Tm NPs,
but a peak corresponding to the 3H,; — 3Hg transition was observed in the VIS range.
After coating the particles with an erbium-doped shell, the intensity of this peak increases,
while the typical peaks of thulium in the SWIR range are still not observed. The erbium-
doped shell prevents the quenching of the thulium luminescence, while the erbium ions
themselves remained optically inactive in the VIS range. An erbium luminescence band was
observed in the SWIR range at a wavelength of 1540 nm. After coating the particles with an
inert shell, erbium luminescence peaks appear in the green and red parts of the spectrum.
Thus, the absence of thulium luminescence in the SWIR range can be attributed to the
interaction of ions in adjacent shells and/or penetration of rare-earth ions into adjacent
shells during the NPs synthesis.

To separate Er** and Tm3* ions and prevent energy transfer between them, particles
with an inert intermediate shell were synthesized: 3-NaGdF;:Yb-Tm core covered with a
first inert NaYF, shell (intermediate shell), covered with a NaGdF,:Yb-Er shell, and finally
covered with a second inert NaYFy shell. Spectra in the SWIR and VIS ranges are shown in
Figures 12 and 13, respectively.
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Figure 12. Luminescence spectra of core-shell 3-NaGdF, (NaGdF,:Yb-Tm core covered with first
inert NaYF; shell (intermediate shell), covered with NaGdF,:Yb-Er shell, and covered with second
inert NaYF, shell) in the SWIR range.
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Figure 13. Luminescence spectra of core-shell 3-NaGdF,; (NaGdF;:Yb-Tm core covered with first

inert NaYF; shell (intermediate shell), covered with NaGdF,:Yb-Er shell, and covered with second
inert NaYF; shell) in the VIS range.
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After coating thulium-doped NPs with an inert shell, the intensity of thulium lumines-
cence in the VIS region increased, and an additional peak corresponding to the 1G4 — 3F4
transition appeared. A characteristic peak at 1450 nm appeared in the SWIR range, corre-
sponding to the 3Hy — 3F, transition. This indicates that surface quenching was observed
for the luminescence from *Hy level for uncoated particles. After coating with erbium-
doped shell, the peak at 1450 nm disappears, an increase in the intensity of the peaks in the
VIS range was observed, while there are no erbium peaks in the VIS range. The erbium
shell prevents surface quenching of thulium, while the erbium ions themselves remain
optically inactive in the VIS range. However, the thulium luminescence peak in the SWIR
range disappeared completely, leaving only the characteristic erbium luminescence peak
at 1540 nm. Coating NPs with an inert shell leads to the appearance of additional erbium
peaks in the VIS range, an increase in the intensity of erbium luminescence in the SWIR
range, and a decrease in the Tm>* luminescence intensity at 800 nm. This suggests that after
coating NPs with a final inert shell, erbium ions become optically active, while the role of
energy transfer between Tm3* 3F; — 3Hg and Er®* #1153, — *Ig, increases. The upconver-
sion luminescence efficiency for all studied Yb-Er-Tm tri-doped 3-NaGdF4 nanoparticles,
calculated for the visible range, is presented in Table S1, Supplementary Materials.

3.2.2. Luminescence Lifetime in VIS Range Analysis

To confirm the presence of energy transfer between Tm>* and Er3* active ions, we
studied the luminescence lifetime for synthesized samples. The measured decay curves
for Er¥* 2Hyy /5, 4S3/2 — *115/2 (510-550 nm), *Fg /5 — *I15/5 (650-670 nm) transitions and
Tm3* 1G4 — 3F, (640-650 nm) transition are shown in Figure 14.
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Figure 14. Upconversion luminescence decay curves for (a) Er®* 2Hyy », 4S5/, — 4Ij5/2 (Tgreen,
510-550 nm), (b) *Fg /5 — 4115, (Treq Er, 650-670 nm), and () Tm>* 1G4 — 3Fy (Treg Tm, 640-650 nm)

transitions.

The calculated luminescence lifetime values are presented in Table 2.

For tri-doped NPs, no single peak was observed in the Tm3* luminescence region; the
lifetime calculated for the 640-650 nm range corresponds to Er3* red luminescence lifetime
(0.210 £ 0.037 ms and 0.221 % 0.009 ms, respectively). After inert NaYF, shell coating, the
luminescence lifetimes for green and red emission increased up to four times, indicating
that the surface quenching is reduced by the NaYF, shell because the inert shell inhibited
surface quenching.



Photonics 2024, 11, 38

16 of 20

Table 2. Calculated luminescence lifetime for Er** 2Hyy /5, 43,5 — 4I15/2 (Tgreen, 510-550 nm), 4Ty o
— 45 /2 (Treq Er, 650-670 nm) transitions and Tm3* 1G, — 3F, (Treq Tm, 640-650 nm) transition. NA
indicates that no single peak was observed in this range; the value in brackets shows the lifetime

calculated for this wavelength range.

NPs Tgreen, MS Tred ET, Ms Tred M, ms
NaGdF4:Yb-Er-Tm
0.414 £+ 0.004 0.735 + 0.009 NA (0.814 + 0.019
tri-doped NPs (10:1:0.5)@NaYFy ( )
NaGdF,:Yb-Er-Tm (10:1:1) 0.191 £ 0.057 0.221 £ 0.009 NA (0.210 4 0.037)
NaGdF,:Yb-Er (20:2) 0.120 + 0.023 0.304 + 0.008 NA (0.296 + 0.023)
lif\lacc;;;}?;g)_fr ((230020)%) 0.090 + 0.003 0.318 £ 0.003 NA (0.333 + 0.006)
Yb-Er core, Yb-Tm shell a + m L.
NaGdF,:Yb-Er (20:2)@
NaGdF4:Yb-Tm (30:0.5)@ 0.616 + 0.006 1.070 + 0.024 NA (1.292 + 0.058)
NaYF,
NaGdF4:Yb-Tm (30:0.5)@
NaGdF,:Yb-Er (202) 0.231 £+ 0.024 0.190 + 0.004 NA (0.305 + 0.013)
NaGdFy:Yb-Tm (30:0.5)@ 0.449 + 0.003 0.835 £+ 0.011 NA (0.953 + 0.020)

Yb-Tm core, Yb-Er shell

NaGdF4:Yb-Er (20:2)@NaYF,

NaGdF4:Yb-Tm (30:0.5)@

NaYE,@NaGdE,Yb-Er (202) A (1260 40.120)  NA (1060 + 0.042) 1.139 + 0.047
NaGdF,:Yb-Tm (30:0.5)@
NaYF;@NaGdFy:Yb-Er 0.324 + 0.007 0.498 + 0.005 1.078 4 0.036

(20:2)@NaYF,

For NPs with Tm3* and Er>* ions separated in the core and the shell, respectively, we
have observed the decrease of Tm>" luminescence intensity in the SWIR range and the
reduction of luminescence lifetime upon Er®* doping in the shell.

For the 3-NaGdF,:Yb-Tm (30:0.5)@NaGdF:Yb-Er (20:2)@NaYF, sample without an
inert shell, the thulium luminescence lifetime was estimated to be 0.953 & 0.020 ms and
that of erbium was 0.449 £ 0.003 ms and 0.835 £ 0.011 ms for the green and red regions,
respectively. When an intermediate shell is present, the lifetime of thulium increases to
1.078 £ 0.036 ms, while the lifetime of erbium decreases to 0.324 £ 0.007 in the green range
and to 0.498 + 0.005 ms in the red range. However, the lifetime of thulium does not reach
the 1.139 & 0.047 ms registered for 3-NaGdF4:Yb-Tm (30:0.5)@NaYF;@NaGdF,:Yb-Er (20:2)
composition. We assume that this is because when the shell with Yb-Er is covered with an
inert shell, the erbium ions become active and participate in the energy transfer. If there is
no inert shell and the erbium shell is exposed, the erbium ions are quenched as a result of
interaction with the environment and surface defects (confirmed by the absence of erbium
luminescence peaks for 3-NaGdF,:Yb-Tm (30:0.5)@NaYF;@NaGdF,:Yb-Er (20:2)).

4. Conclusions

The tri-doped and core—shell single low-temperature hexagonal phase 3-NaGdF,
NPs with rare earth ions Yb*, Er3*, and Tm3* were synthesized. According to TEM data,
the samples consisted of particles with semi-spherical morphology. The size of core-only
-NaGdF,:Yb-Tm(30:0.5) NPs ranged from 15 to 40 nm. After shell synthesis, an increase
in particle size was observed for both 3-NaGdF,:Yb-Er(20:2) and NaYF, shell, with a shell
thickness of about 5 nm.

The lattice parameters of the samples are strongly influenced by the chemical composi-
tion of the outer shell. Samples with a NaGdFy-based outer shell have similar lattice param-
eters. Upon synthesis of a NaYF, shell, a decrease in lattice parameters was observed, which
can be attributed to the smaller size of yttrium cations compared to gadolinium cations.



Photonics 2024, 11, 38

17 of 20

The coherent scattering region increased in size after the synthesis of each subsequent
shell and reached its maximum value for the 3-NaGdF,:Yb-Tm(30:0.5)@ NaYF,@NaGdF,:Yb-
Er(20:2)@NaYF, sample. This suggests that particle growth occurred through a classical
crystallization mechanism, where the initial core reacted with appropriate oleates, NaOH
and NH4F from the liquid medium. Finally, defectiveness of the core surface decreases, the
crystallinity of the nanoparticle improves, and the coherent scattering region increases.

The energy transfer processes in 3-NaGdF4:Yb-Er-Tm NPs and core-shell structures
were analyzed. No characteristic Tm** luminescence peaks were observed in the SWIR
range for tri-doped NPs. However, the spectra in the VIS range exhibit bands characteristic
of both Er** and Tm?*, which confirms the successful doping of the studied NPs with
Tm3*. Since Yb>*-Er** energy transfer is resonant, while Yb*>*-Tm3* energy transfer is
non-resonant, transfer to Er®* is more likely.

For core-shell NPs, when Tm?* and Er* are separated into adjacent layers, quenching
cannot be avoided, which is probably due to the mutual diffusion of ions during shell
synthesis. For 3-NaGdF4:Yb-Er(20:2)@NaGdF4:Yb-Tm(30:0.5)@NaYF, and 3-NaGdF:Yb-
Tm(30:0.5)@NaGdF,:Yb-Er(20:2)@NaYF,, luminescence of thulium could not be registered
in the SWIR region.

The use of an inert intermediate NaYF, shell between the layers containing Tm** and
Er®* was necessary to clearly detect the Tm*" SWIR luminescence in the 3-NaGdF,:Yb-
Tm (30:0.5)@NaYF,; sample and to partially prevent energy transfer. Without an inert
shell for the 3-NaGdF,:Yb-Tm(30:0.5)@NaGdF,:Yb-Er(20:2)@NaYF, sample, the thulium
luminescence lifetime was estimated to be 0.953 £ 0.020 ms, while erbium luminescence
lifetime was estimated to be 0.449 £ 0.003 ms and 0.835 & 0.011 ms for the green and red
ranges, respectively. When using an intermediate shell, the lifetime of thulium increased to
1.078 £ 0.036 ms, while the lifetime of erbium decreased to 0.324 £ 0.007 ms in the green
region and to 0.498 £ 0.005 ms in the red region. However, the lifetime of thulium does not
reach the 1.139 + 0.047 ms registered for 3-NaGdF,:Yb-Tm(30:0.5)@NaYF,;@NaGdF,:Yb-
Er(20:2) composition. After coating the 3-NaGdF,:Yb-Tm(30:0.5)@NaYF, particles with an
erbium-doped shell, the thulium luminescence in the SWIR range becomes indistinguishable.

Thus, the use of the core—shell structure does not prevent the energy transfer between
ions in adjacent shells. The use of an inert intermediate shell prevents interaction, but only
partially, which is probably due to the mutual diffusion of ions during shell synthesis.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/photonics11010038/s1, Table S1: upconversion luminescence efficiency
for Yb-Er-Tm tri-doped (3-NaGdF, nanoparticles, calculated for the visible range. Ref. [67] has been
cited in Supplementary Materials.
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