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INTRODUCTION

REMTES - “Technology for remote temperature measurements in microfluidic devices” is a
Science Fund of the Republic of Serbia funded project (Program PRIZMA, Grant Contract No. 7017)
coordinated and completely executed by "Vinca" Institute of Nuclear Sciences - National Institute of
the Republic of Serbia, University of Belgrade (VINS). The project will run from December 1st 2023

to November 30" 2026.

REMTES is a highly ambitious and innovative project aimed at developing a breakthrough system for
measuring sample temperatures on the nanoliter scale. The project will develop an optical self-
referencing thermometer for use in micro- and nanofluidics in the 0-100 °C temperature range by
exploiting temperature-induced changes in the luminescence of materials and nanomaterials; that is,
by advancing luminescence (nano-) thermometry in a targeted manner. The project aims to go
beyond the state of the art and implement a radically new technology that merges the fields of
luminescence thermometry, photothermal spectroscopy, and microfluidics to develop new-
generation luminescent thermometry probes using cutting-edge luminescent, temperature-
sensitive, and chemically stable inorganic materials in bulk and nanomaterial forms. The probes will
be embedded in microfluidic chip channels to enable self-referenced remote temperature
measurements, and the technology will be validated by a portable microfluidic luminescent
thermometer, as well as in-situ temperature measurements of fluid flow in nanoliter volume
samples. Multiple conceptual breakthroughs can be further envisaged from the proposed technology
credibly spreading its impact to multiple technological areas.

The present document - D.1.1 Ln3+- and TM-doped luminescence thermal probes is a deliverable
of the W1 of the REMTES project. The report describes Ln3* and TM-doped luminescence thermal
probes, with their basic structural, morphological, and luminescence features. This report is the
result of a joint effort between WP1, WP2, and WP3. Up to four probes are selected for further
implementation in a microfluidic device with integrated luminescence thermometers.



D 1.1. Ln*- and TM-DOPED LUMINESCENCE THERMAL
PROBES

Starting from the project beginning up to the end of the first project year, REMTES team members
under SUBACTIVITY 1.1: LANTHANIDE-ACTIVATED INORGANIC LUMINESCENCE THERMAL
PROBES; SUBACTIVITY 1.2: TRANSITION METAL ACTIVATED INORGANIC LUMINESCENCE
THERMAL PROBES; SUBACTIVITY 2.1: STRUCTURAL, MORPHOLOGICAL, AND THERMAL
PROPERTIES OF LUMINESCENT PROBES and SUBACTIVITY 3.1: MICROSCOPIC MODELLING OF
LUMINESCENT PROCESSES designed, synthesized and structurally, morphologically and optically
characterized various Ln3+- and TM-doped luminescence thermal probes. Properties of thermal
probes based on Eu3*-doped CsYzF7 and RbY2F7; Pr3+-doped YF3z and Eu3*-doped Y2Mo03012 were
reported and published in:

1. K. Milenkovi¢, I. Zekovi¢, B. Milicevi¢, Z. Risti¢, K. Smits, A. Popov, M.D Dramicanin, V. Pordevi¢,
Microwave-assisted solvothermal synthesis of Eu3+-doped CsY2F7 and RbY2F7
phosphorescent nanoparticles, Ceramics International, 50 (15), 26663-26669, 2024,
https://doi.org/10.1016/j.ceramint.2024.04.394 (Subscription).

2. A. Rajci¢, Z. Risti¢, ]. Perisa, B. Milicevi¢, S. Aldawood, A.N. Alodhay, 7. Anti¢, M.D.
Dramicanin, Using Principal Component Analysis for Temperature Readings from YF3:Pr3+
Luminescence, Technologies, 12(8), 131, 2024,
https://doi.org/10.3390/technologies12080131 (Open Access).

3. T.Gavrilovié, A. Ciri¢, M. Medi¢, Z. Risti¢, J. Perisa, 7. Anti¢, M.D. Dramicanin, Structure-Dopant
Concentration Relations in Europium-Doped Yttrium Molybdate and Peak-Sharpening for
Luminescence Temperature Sensing, Materials, 17 (17), 4267, 2024,
https://doi.org/10.3390/mal7174267 (Open Access).

4. T. Gavrilovi¢, V. Pordevi¢, ]. Perisa, M. Medi¢, Z. Risti¢, A. Ciri¢, Z. Anti¢, M.D. Dramicanin,,
Luminescence Thermometry with Eu3*-Doped Y2Mo3012: Comparison of Performance of
Intensity Ratio and Machine Learning Temperature Read-Outs, Materials, 17 (21), 5354,
2024, https://doi.org/10.3390/mal17215354 (Open Access).

Three, out of four publications were published in an Open Access form.

Besides the reported probes and from the activities within the subactivities, REMTES team members
reached Milestone M1.1 - A list of Ln and TM-activated hosts for the superior thermometric performance
of luminescence probes obtained by theoretical modeling and experimental data to be used further for
the development of a microfluidic luminescent probe. The list is as follows:

1. Eu3*-doped Sr2GdF7 colloidal nanoparticles

2. Mn>+-doped CasBa(P04)40 powders

3. Er3*and Er3+/Yb3+ doped LaPOa4 colloidal nanoparticles
4

. Er3+,Nd3* and Tm3+-doped YVOs4 colloidal nanoparticles
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Eu®* - doped Sr.GdF; colloidal nanoparticles

Synthesis: The hydrothermal method was used to prepare a set of seven Sr2Gdi-«EuxF7 (x = 0, 0.05,
0.10, 0.40, 0.60. 0.80, and 1.00, where mol.% of Eu3* dopant ions were added with respect to Gd3+)
colloids, as illustrated in Figure 1. A typical synthesis procedure includes metal nitrates and NH4F as
precursors and EDTA-2Na as a stabilizing agent [1]. Due to the ability to improve crystalline seed
dispersibility by forming [Sr-EDTA]%* and [Gd-EDTA]* complexes after mixing all the chemicals,
EDTA-2Na prevented SGF particle aggregation during the subsequent hydrothermal treatment. At
the same time, [Gd-EDTA]* cations are adsorbed on the surfaces of SGF particles, additionally
improving their stability. Typically, for the synthesis, all nitrates were weighed according to the
stoichiometric ratio and dissolved in 12.5 ml of deionized water while stirring at room temperature.
The solutions were mixed for 30 min with a transparent solution of EDTA-2Na in 12.5 ml of water
(molar ratio EDTA-2Na : Ln = 1:1). Following that, 10 ml of NH4F aqueous solution (molar ratio NH4F
: Ln = 12:1) was added and vigorously stirred for 1 h, yielding a white suspension. The pH value of
the mixture was adjusted to around 6 using NH4OH. Hydrothermal treatment was carried out in a
100-ml Teflon-lined autoclave in the oven at 180 °C for 20 h followed by natural cooling. Obtained
colloidal suspensions were acidic with pH = 6. The described method produced undoped SGF and
SGF phosphors with varying concentrations of Eu3* ions. The colloidal suspensions were dried in the
air, and obtained powders used for XRD analysis, diffuse reflectance, and temperature-dependent
photoluminescent measurements. The amounts of precursors used for synthesizing ~0.0025 mol
(~1.2 g) of samples are given in Table 1.
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Figure 1. Schematic illustration of the colloidal and powder SGF:Eu nanophosphors preparation.



Table 1. The amounts of precursors needed for synthesizing 0.0025 mol of samples.

Sr(NO3)2 (g) Gd(NO3)3-6H20 (g) Eu(NO3)s-6H20 (g) NH4F(g) EDTA (g)

SGF 1.0582 1.1284 / 1.1111  0.9306
SGF_5Eu  1.0582 1.0720 0.0557 1.1111  0.9306
SGF_10Eu 1.0582 1.0156 0.1115 1.1111  0.9306
SGF_40Eu 1.0582 0.6770 0.4460 1.1111  0.9306
SGF_60Eu 1.0582 0.4514 0.6690 1.1111  0.9306
SGF_80Eu 1.0582 0.2257 0.8919 1.1111  0.9306
SEF 1.0582 / 0.9306 1.1111  0.9306

Structural and morphological characterization: Powder X-ray diffraction (PXRD) patterns of
Sr2Gdi1-xEuxF7 (x = 0, 0.05, 0.10, 0.40, 0.60. 0.80, and 1.00) nanophosphors are shown in Figure 2a,
with Rietveld refinement fits for the two end members, Sr2GdF7 (SGF) and Sr2EuF7 (SEF), given
as Figure 2b-c (Rwp = 2.72 % and 3.43 %, respectively). The patterns of Sr2GdF7 and Sr2EuF7 were
fitted using a structural model in the cubic space group Fm3m (225), with Sr and Gd ions on Wyckoff
site 4a with m-3m symmetry and F ions on Wyckoff site 8c with -43 m symmetry. While in the ideal
fluorite-type compound of MXz stoichiometry the cations are found in 8-coordinate cubic
environments and the anions in 4-coordinate tetrahedral environments, the partial occupancies of
both cation and anion sites in Sr2GdF7 and Sr2EuF7 result in deviations from these ideal coordination
geometries and a range of environments is expected to exist for the species present. The unit cell
parameters obtained were 5.7484(1) A for SGF and 5.7618(1) A for SEF. All observed reflections
were accounted for in PXRD patterns of all samples, and the absence of extra peaks confirms the
phase purity of the materials prepared. Due to smaller ionic radii of Gd3* (GdVIII3+ = 1.053 4, [2])
incorporation of larger Eu3+ (EuVIII3+ = 1.066 A, [2]) ions resulted in shifting of diffraction peaks to
lower Bragg angles, consistent with the unit cell parameters obtained for the two end members
(see Figure 2d).

Transmission electron microscopy (TEM) images of representative colloidal SGF_40 %Eu3+* particles,
obtained with different magnifications, are shown in Figure 2e-f. Nanoparticles show a similar quasi-
spherical shape with the average particle size estimated to be 24 * 2 nm (see the histogram fitted
with a log-normal distribution, based on around 200 particles, Figure 2e inset).
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Figure 2. (a) XRD patterns of Sr2Gdi-«EuxF7 (x = 0.05, 0.10, 0.40, 0.60. 0.80, and 1.00) nanophosphors; (b, c) Rietveld fits
for Sr2GdF7 and SrzEuF7. Green (SGF) and blue (SEF) curves represent the observed pattern, in each case, the red curves
are the calculated patterns, and the difference curves are shown in grey, while blue tick marks represent the positions of
the Bragg peaks; (d) Enlarged (111) and (200) diffraction peaks showing a shift toward lower Bragg angels due to the
replacement of Gd with Eu ions in the host material; (e, f) TEM images under different magnification with the particle
size distribution of representative colloidal SGF:40 mol% Eu3* given as Inset in Figure 2e; (g) Room temperature diffuse
reflectance spectra for all Sr2Gd1xEuxF7 (x = 0.05, 0.10, 0.40, 0.60. 0.80, and 1.00) samples.

Optical UV-VIS and photoluminescent characterization: Figure 2g shows the room temperature
diffuse reflectance spectra of Sr2Gd1-xEuxF7 (x = 0, 0.05, 0.10, 0.40, 0.60. 0.80, and 1.00) samples in the
300-650 nm wavelength range, which display typical optical features of Eu3+ions [3]. The absorption
peaks of Eu3* ions, which are located at 317, 360, 381, 394, 414, 464, 525, and 587 nm correspond to
the following electronic transitions: 7Fo — 5Hs, 7Fo — D4, 7Fo = 5Ge, 7Fo— >Le, 7Fo— 5Ds3, 7Fo— 5Dy,
7Fo = >D1, and 7F1 - 5Dy, respectively, with the highest absorption at around 394 nm.

The room temperature photoluminescence excitation spectra of all Sr2Gdi-«EuxF7 colloids
recorded in the 250-330 nm (Aem = 698 nm) and 310-570 nm (Aem = 593 nm) ranges are given in
Figure 3a-b, showing lines that correspond to transitions within the 4/ configuration of Eu3+ and 4f”
configuration of Gd3+. Emissions centered around 273 and 311 nm (inset in Figure 3b) correspond
to Gd3+ absorption. The intensity of Gd3* emissions is the largest for the Sr2Gdo.9Euo.1F7 composition
(90 mol% of Gd3* and 10 mol% of Eu3+), indicating the optimal Eu/Gd ratio for energy transfer from
Gd3+ to Eu3+.

Photoluminescence emission spectra of all Sr2GdixEuxF7 colloids recorded at room
temperature are given in Figure 3c (Aex= 273 nm) and Figure3d (Aex= 394 nm). Emission centered
at 311 nm, presented in Figure 3c, corresponds to the ¢P; — 8S7,2 transition of Gd3+, while those at
longer wavelengths correspond to 4f-4f transitions of Eu3*(Figure 3d) placed at ~592 nm
(°Do— 7F1), ~613 nm (°Do— 7F2), ~650 nm (°Do — 7F3), and ~700 nm (°Do — 7F4). Emission peaks
from >D1, D2, and 5Ds3 levels (Figure 3d inset) are the most intense with 10 mol% of Eu3* because of
earlier concentration quenching of energetically higher Eu3+ levels [4].

The 5Do—7F1 is a magnetic-dipole transition that does not depend on the local environment.



9

However, the Do—7F: electric-dipole transition is a hypersensitive one, and it is highly dependent
on changes in the local environment around the Eu3* ions. Theoretically, when the Eu3* ions occupy
centrosymmetric sites, the emission spectrum shows a more intense >Do—7F1 transition than the
5Do—7F2 one. This agrees with our experimental observations. In addition, the ratio of the integrated
intensity of the SDo—7F2 and >Do—7F1 transitions, known as the asymmetry ratio, can be considered
indicative of the reduction of symmetry of the coordination environment around the Eu3+ ion, and is
given by eq. (1):

_ 1(Do-7F,)
~ I(5Dg~7Fy)

R €Y)

The asymmetry ratio values obtained from the emission spectra do not vary significantly as a
function of Eu3* concentration, as shown in Figure 3e. Therefore, one may conclude that the degree
of distortion of the local symmetry around Eu3+is similar in the samples in the series produced. This
is consistent with the samples being isostructural, as shown by PXRD and Rietveld analysis.

Emission in the deep-red spectral region around 700 nm, which corresponds to the 5Do—7F4
transition, exhibits high intensity, even higher than emission from Do—7F1 and >Do—7F: transitions.
This is not common for Eu3* and it was previously reported for several fluoride hosts where the
structural distortion from the octahedral symmetry to the non-centrosymmetric D44 occurs [5,6], as
the odd-rank components of the static forced electric dipole and ligand polarizability-dependent
dynamic coupling mechanisms are high, especially in the highly polarizable chemical environment
[7]. This observation in our spectra is consistent with a range of Eu3* environments present and the
breaking of the centrosymmetric m-3m symmetry of the average long-range crystallographic model
at a local level, due to the partial site occupancies. Figure 3f shows that photoluminescent intensity
continually increases as the Eu3* content increases from 5 mol% to 80 mol%, without concentration
quenching. To evaluate real application potential, the absolute photoluminescent quantum efficiency
was measured at room temperature with an integrating sphere, and the results are shown in Figure
3f. Efficiency increases with Eu3+-dopant concentration starting from 7% for the 5 mol% doped
sample and reaching 60% for the 80% doped sample.

Figure 3g displays the photoluminescent lifetime decay curves of the Sr2Gdi-xEuxF7 (x = 0.05,
0.10, 0.40, 0.60. 0.80, and 1.00) colloids recorded at room temperature. To obtain the value of the
lifetime (), acquired data were fitted to a simple single exponential function:

1(t) = Ioe‘%, (2)

where I(t) represents the corresponding emission intensity at time t, Io represents the initial
emission intensity, and t represents the emission decay constant (excited state lifetime). As the Eu3+
concentration increased, the °Do-level lifetime gradually decreased from 12.0 to 6.9 ms. The
shortening of the lifetime with increasing concentration indicates the activation of concentration-
quenching mechanisms. These quenching mechanisms compete with an increase in emission
intensity due to an increase in the number of optically active centers when Eu3+ concentration is
increased, resulting in an intensity net rise with concentrations up to 80% of Eu3* content.
Chromaticity coordinates (x,y) on the CIE chromaticity diagram, a two-dimensional color
space that describes all the colors observed by the human eye, can be used to quantify apparent color.
We derived the CIE chromaticity coordinates from the photoluminescent spectra to evaluate the
color of the synthesized samples, as shown in Figure 3h. For all the samples, CIE coordinates are
almost identical (x = 0.62, y = 0.38; Adom = 598 nm; color purity = 99.1%) and placed in the orange-
red portion of the diagram, confirming that there is no significant change in the local symmetry
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around Eu3* across the series and consequently in the emission spectra. Figure 3i shows the
translucent white color of colloids under daylight and the red appearance of colloids under UV light.
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Figure 3 Room temperature photoluminescence of Sr-Gd;..Eu,F7(x =0.05, 0.10, 0.40, 0.60. 0.80, and 1.00) colloids:
a) excitation spectra under Aem = 698 nm; b) excitation spectra under Aem = 593 nm; ¢) emission spectra under Aex =
273 nm; d) emission spectra under Ax = 394 nm; e) asymmetry ratio as a function of Eu ions concentration; f)
integrated emission intensity as a function of Eu ions concentration; g) lifetime decay curves as a function of Eu ions
concentration; h) CIE diagram with calculated coordinates; and 1) appearance of colloid under daylight and near UV
light.

To determine the temperature stability, temperature-dependent photoluminescence
measurements in steady-state and time- domains were recorded in the 25-200 °C temperature range
on dried samples in powder form. Figure 4a shows the white color of powders under daylight and
the red appearance under UV light, which becomes more intense as Eu3* concentration
increases. Figure 4b shows the lifetime, while Figure 4c shows the emission intensity as a function of
temperature for two representative samples, SGF_5Eu (with the lowest Eu3* content in the series)
and SGF_80Eu sample, with the highest emission intensity. For both samples, lifetime values show
high-temperature stability in the temperature range relevant for LEDs, while emission intensity
shows a slight decrease in the same range. It is important to note that, depending on the
manufacturer, 100°C is usually considered the maximal operating temperature of LEDs [8,9], while
temperature stability up to 150°C is frequently given in the literature [10]. For SGF_80Eu, the sample
with the highest emission intensity, the lifetime, and the emission intensity at 100°C remain at 95%
and 83% of their initial values at room temperature, respectively.
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Figure 4 a) Appearance of nanopowders under daylight and near UV light. Temperature-dependence of b)
lifetime and c) emission intensity for the whole set of nanopowders.

Judd-Ofelt analysis. The quantum mechanical, semi-empirical, Judd-Ofelt theory [11,12], introduced
in the 1960s, presents a centerpiece in lanthanide spectroscopy [13], as the only theory that can
explain and predict radiative properties of intra-configurational luminescence in ions from Pr3+ to
Tm3*. From only three intensity parameters, the theory provides an estimate of the radiative
transition probabilities, radiative lifetimes, branching ratios, and cross-sections. It can also give us
quantitative information on the non-radiative de-excitation process and intrinsic quantum efficiency
if coupled with time-resolved luminescence measurements [14]. The main difficulty in applying the
Judd-Ofelt theory is estimating the intensity parameters, (13, which is usually performed by fitting the
intensities in the absorption spectrum to theoretical relations [15].

Europium is a unique ion among lanthanides as it has pure magnetic dipole transitions [16].

Magnetic dipole transitions, unaffected by the host matrix, can be used for calibrating the emission
spectrum [17]. Thus, in Eu3* doped materials only a single emission spectrum is sufficient for Judd-
Ofelt parametrization, by using the equation [14]:
D, (L' a3 I
'Q/l = 277 <—_> 27
e*U\l) my(n +2)"h
where e is the elementary charge, D1 is the magnetic dipole strength, U* are the tabulated values of
the squared reduced matrix elements, and n is the refractive index. Transition >Do—7F1 is denoted
with 1 in the subscript, while induced electric-dipole emissions >Do—7Fj=2,4,6 are denoted with A=2,4,6
in the subscript. 1,1 are the integrated intensities of corresponding emissions.
The asymmetry ratio, a quantitative measure that shows the degree of deviation from the
ideal site symmetry of Eu3* ion in the host matrix, given by the ratio of integrated intensities of
5Do—7F2 to °Do—7F1 emission, is directly proportional to the (2 parameter [18]:

A=246 (3)

I
1
The 5Do—7Fs emission is of very low intensity and usually lies beyond the sensitive spectral

range of most detectors. Thus, this part is most frequently neglected in the Judd-Ofelt analysis, which
can lead to errors in estimates of derivative radiative quantities. In the recently published method,
this Judd-Ofelt parameter can be accurately estimated from the excitation spectrum by [19]:
0, = 0459—1™_Aele o202 (5)
(m2+2)2 1,0y
where I' are the integrated intensities of peaks in the excitation spectrum. Here 6 abbreviates 7Fo—>Le
and 1 in the subscript stands for 7Fo—5D1 transition.

From the Judd-Ofelt intensity parameters, the radiative transition probabilities for induced
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electric dipole transitions can be calculated by [13]:
_ 64m* 107 my (nf +2)°

= _ 20,U* 6
y) 3% /1; 9 e"ii) (6)
and for magnetic dipole transition by:
64m* 107
3
1= 3 (7)
3h 23

The total radiative transition probability, or the rate of spontaneous emission, is then equal
to the inverse of the radiative lifetime:

1
Ag= ) A== ®)
. TR
1=1,2,4,6
Radiative transition probabilities provide estimates of emission branching ratios by:
B =22 ©
) AR

De-excitation rates, Aobs, are experimentally measured as the inverse of the observable emission
lifetime, which then enables the calculation of the non-radiative rates:
1

Tobs
Radiative transition probabilities enable the calculation of the emission cross-sections, given by the

equation [20]:

Ang = Aops — Ag = — Ag (10)

Ak max iy

2() = grenz 1, M (11)
where c is the speed of light, and Amax is the position of the peak maximum.
The Judd-Ofelt intensity parameters of SGF with various Eu3* concentrations are given in
Table 2, together with estimated derived quantities: transition probabilities, branching ratios, cross-
sections, and lifetimes. All the quantities for transitions Do—7F1,24 are estimated by JOES software
[20], while quantities for SDo—7F¢ emission are calculated by JOEX software [19]. Due to the lower
emission intensity in the spectra, the analysis for the sample with 5% Eu3+* content has the largest
error. )2 parameter, as the measure of covalency and distortion of symmetry is largest for the
samples with 60% and 80% of Eu3*. A similar trend is observed with the (4 parameter. Parameter
Qe, associated with the rigidity of the matrix, decreases uniformly with an increase in Eu3*
concentration. The radiative transition probabilities confirm that the emission with the largest
photon flux is to the 7F4 level. Non-radiative component increases with Eu3* doping concentration.

Table 1 Judd-Ofelt parameters for SrGdF:Eu3+
[Eu] (%) 5 10 40 60 80 100
Q1020 (cm2) 041 099 098 1.17 117 1.08
Q41020 (cm2) 3.08 4.19 4.63 478 4.79 4.30
Qe1020 (cm2) 191 1.38 1.10 088 0.86 0.85

A (s) 230 23.0 230 230 23.0 230
A; (s) 63 142 140 168 169 155
Ay (s1) 226 304 336 347 348 312
A (s) 11 08 06 05 05 05

B1 (%) 44 34 32 31 31 33
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B2 (%) 12 21 20 22 22 22
B4+ (%) 43 44 47 46 46 44
Be (%) 2 1 1 1 1 1

011022 (cm?) 247 1.78 167 161 158 1.66
021022 (cm?) 0.74 0.74 0.74 084 084 0.79
041022 (cm?) 6.21 491 555 525 528 491

Tobs (MS) 12.0 11.7 11.2 10.6 9.3 6.9
Aobs (s1) 83.2 854 89.2 954 1079 1443
Ar (s1) 529 683 713 750 751 701
Anr (s) 303 171 179 204 327 741
Tr (ms) 189 14.6 140 133 13.3 143

Mn®°*-doped CasBa(P0O.)sO powders

Synthesis: The conventional solid-state reaction was employed for the preparation of CasBaPs-
4xMnasx017 (x=0.005, 0.0075, 0.0125, 0.01, 0.015, 0.02) powder samples. Stoichiometric amounts of
CaCOs (Alfa Aesar, 98%), BaCOs (Alfa Aesar, 99.8%), (NH4)H2PO4 (Alfa Aesar, 98%), and MnO
(Aldrich, 99.99%) were thoroughly mixed in an agate mortar for 1 h with an appropriate amount of
ethanol. Mixtures of the raw materials were placed in alumina crucibles and heated in an air
atmosphere at 600 °C for 6 h, ground in an agate mortar, and further calcinated at 1280 °C for 10 h.

Structural properties: The starting model used for Rietveld refinement and detailed structural
analysis of the two key materials - the CasBa(P04)40 host and the sample containing 0.5%Mn - was
the previously published crystal structure of CasBa(P04)40 determined from synchrotron powder
diffraction data [21]. Refined parameters included the zero-point error, background polynomial
terms, peak shape function terms, unit cell parameters, an isotropic atomic displacement parameter
per atom type and atomic fractional coordinates, using bond valence sum restraints on the two P
atoms. The key crystallographic parameters are summarized in Table 3. CasBa(P04)40 and
CasBa(P04)40:0.5%Mn adopt monoclinic space group C2/m, with one Ba, two Ca, two P and seven O
atoms in the asymmetric unit. Ba atoms are 12-coordinate, the two crystallographically unique Ca
atoms are 7- and 8-coordinate, while both unique P atoms adopt tetrahedral coordination
environments. Dopant Mn>* ions replace P>* on these two sites, which lie on a mirror plane (Wyckoff
site 4 m in space group C2/m). In CasBa(P04)40, the average cation-oxygen bond lengths in the two
tetrahedra are 1.534(13) and 1.529(15) A, while bond angles range from 105.1(8) to 112.9(7)° and
105.3(7) to 112.8(9)°, with bond valence sums of 5.0(1) for both P atoms. In CasBa(P04)40:0.5%Mn,
the coordination environments remain similar, as expected given a low doping level. Average bond
lengths are 1.534(22) and 1.504(27) A, while bond angles range from 103.4(16) to 112.8(12)° and
from 105.5(13) to 112.5(11)°, with bond valence sums of 5.0(2) and 5.4(2) for P1 and P2 sites, (see
Tables 4 and 5), respectively. The final Rietveld fits obtained are shown in Figure 5a-b, while the unit
cell and the P atom environments are given in Figure 5c-d, respectively.
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Figure 5 a) Rietveld fits for CagBa(P04)40, Rwp = 5.31%; b) Rietveld fit for CagBa(P04)40:Mn5*, Ryp = 8.59%. In
each case the blue curve represents the observed pattern, the red curve is the calculated pattern and the
difference curves are shown in grey, while blue tick marks represent the positions of the Bragg peaks; c) The
crystal structure of CasBa(P04)40, with the unit cell viewed along the b-axis; d) Geometries of two
PO, tetrahedra with average P-0 bond lengths in CasBa(P04)40:Mn5+

Table 3. Summary of structural data for CasBa(P04)40 and CasBa(P04)40:Mn>* (space group C2/m).

Exp. CasBa(P04)40 Exp. CasBa(P04)40:Mn

a A 12.3006(1) 12.2973(2)
b, A 7.10472(7) 7.10258(1)

¢, A 11.71540(9) 11.7125(1)

0 134.4619(4) 134.4552(8)
Vv, A3 730.73(1) 730.22(2)

Fractional atomic coordinates
X y z X y z

Ba 0 0 0 0 0 0
Cal | 0.7196(6) 0 0.3117(8) | 0.719(1) 0 0.311(1)
Ca2 | 0.0505(4) | 0.7665(5) | 0.6929(4) | 0.0505(8) | 0.766(1) | 0.6930(7)

0 0 0 0.5 0 0 0.5
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011 | 0.399(1) 0 0.5822(5) | 0.394(2) 0 0.5822(8)
012 | 0.281(1) | -0.175(1) | 0.3367(6) | 0.281(2) | -0.175(2) | 0.336(1)
013 | 0.120(1) 0 0.366(1) 0.120(2) 0 0.365(2)
021 | 0.289(1) 0 0.106(2) 0.290(3) 0 0.104(3)
022 | 0.242(1) 0 -0.1373(5) | 0.241(3) 0 -0.1368(7)
023 | 0.462(1) | -0.179(1) | 0.114(1) 0.461(2) | -0.174(2) | 0.114(1)
P1 | 0.2673(6) 0 0.3999(2) | 0.266(1) 0 0.3998(2)
P2 | 0.3659(8) 0 0.0469(2) | 0.365(1) 0 0.0469(3)
Calculated
GGA LDA
a, A 12.4130 12.0755
b, A 7.1493 6.9658
¢ A 11.8311 11.4881
B,° 134.3735 134.4363
Vv, A3 750.489 689.983
Fractional atomic coordinates
X y z X y z
Ba X y z X y z
Cal 0 0 0 0 0 0
Ca2 0.71621 0 0.30969 0.71770 0 0.31126
0 0.05261 0.76649 0.69427 0.05232 0.76734 0.69366
011 0 0 0.5 0 0 0.5
012 | 0.39056 0 0.58173 0.39300 0 0.58450
013 | 0.28457 | -0.17593 0.34032 0.28484 | -0.17824 0.33934
021 | 0.11338 0 0.34744 0.11195 0 0.34779
022 | 0.29114 0 0.11117 0.29072 0 0.11278
023 | 0.24386 0 -0.13571 0.24374 0 -0.13726
P1 0.46648 | -0.17433 0.11348 0.46930 | -0.17679 0.11594
P2 0.26593 0 0.39888 0.26621 0 0.39890
Table 4. P - 0 bond lengths [A].
5+
Undoped CacBa(P04)40 Cl;/[:;;a((:::i;fo
P1 P2 P1 P2
1.530(5) 1.52(3) 1.527(8) 1.48(6)
1.523(13) 1.542(5) 1.53(2) 1.537(7)
1.523(13) 1.527(12) | 1.53(2) 1.50(2)
1.56(2) 1.527(12) | 1.55(4) 1.50(2)
| Avg: | 1.534(13) | 1.529(15) | 1.534(22) | 1.504(27)
Table 5. 0 - P - O angles and their difference, §, to regular tetrahedron angle of 109.5¢.
Undoped Mn5* doped
CasBa(P04)40 CasBa(P04)40
P1 8] P2 8] Mn1 6] Mn2 6]
109.8(12) 0.3 112.8(9) | 3.3 110(2) 0.5 111.9(17) | 2.4
107.9(4) -1.6 105.3(7) | -4.2 108.8(8) -0.7 105.5(13) | -4.0
107.9(4) -1.6 105.3(7) | -4.2 108.8(8) -0.7 105.5(13) | -4.0
105.1(8) -4.4 109.1(11) | -0.4 103.4(16) -6.1 109(2) -0.5
112.9(7) 3.4 111.9(6) | 2.4 112.8(12) 3.3 112.5(11) | 3.0
112.9(7) 3.4 111.9(6) | 2.4 112.8(12) 3.3 112.5(11) | 3.0
Avg (6) -0.08 -0.12 | Avg () -0.07 -0.42
Avg Avg
(abs(5)) 2.4 2.8 (abs(8)) 2.4 2.8
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Photoluminescent properties: Figures 6 a) and b) display the absorption, color (inset in Figure 6a),
and emission spectra of CasBa(P04)40: 0.5%Mn>* powder.
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Figure 6. Optical properties of the CasBa(P04)40:Mn5* powder: a) The Kubelka-Munk transformation of the
CaeBa(P04)40:Mn5+ diffuse reflectance; inset shows photographs of the CasBa(P04)40 (white) and CasBa(P04)40:Mn5*
(blue) powders, b) Emission spectra measured at -190°C and 10°C, c) Tanabe-Sugano diagram for 3d? electron
configuration in tetrahedral coordination, d) Emission spectrum of the CasBa(P04)s0:Mn5* measured at room
temperature (black line) and the fit to the Gaussian of the 3Tz —3Az emission peak (red line) showing its maximum 1062
nm / 9416 cm1; spectra shown in logarithm scale, e) temperature dependence of the excited state lifetime (symbols -
experimental data, solid line - the fit to Eq. (4)); inset: emission decay measured at 208 K, f) Temperature dependence
of the 1E emission peak spectral position (symbols — experimental data, solid line - the fit to Eq. (5)), g) The estimate of
configurational diagram based on the spectroscopic data with calculated Stokes shift (Estockes) and Huang-Rhys parameter
(S), h) Photoluminescence internal quantum efficiency (QE) of CasBa(P04)40:Mn>* powders for different concentrations
of Mn; inset shows linear dependence of the logi0(QE/concentration) vs logio(concentration) for data equal and above
critical concentration (0.75%) with a slope of -1.97 indicating that a multipolar dipole-dipole mechanism is responsible
for the concentration quenching of emission, and i) The linear dependence of CasBa(P04)40:Mn>+ emission intensity on
excitation power.

Figure 6a) depicts the Kubelka-Munk transformation of the CasBa(P04)40:Mn>* powder diffuse
reflection measured between 220 and 1350 nm. The O 2- - Mn5* charge-transfer band appears at
around 301 nm (33222 cm-1) as expected for the tetraoxo-coordinated Mn>* [22] and the peak at the
lower wavelength (225 nm) is associated with the intrinsic host absorption. The strong absorption
around 639 nm (15649.5 cm1) is associated with the 3A2 — 3T1(3F) electronic transition, which is
electric dipole-allowed in an undistorted tetrahedral symmetry and is composed of three
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overlapping components due to the removal of the orbital degeneracy of the 3T1(3F) state with the
site symmetry lowering from Ts to Cs. The weak shoulder at about 943 nm (10604.5 cm1)
corresponds to the symmetry forbidden 3A2 — 3T2(3F) transition (in Tq site symmetry) and becomes
partially allowed with a symmetry lowering. The electric dipole-allowed 3A2 — 3T1(3P) transition that
corresponds to a two-electron jump is located at approximately 369 nm (27100 cm-1) and is barely
visible due to the much more intense charge transfer band. The spin-forbidden transitions to the
singlet states 1A1(1G) at 740 nm (13513.5 cm-1) and 1E(1D) at 1140 nm (8772 cm-1) are weak, sharp,
and only weakly depend on the host materials properties. The transitions to 1T1,2 singlet states are
difficult to observe in the spectrum since they are very weak and superimposed on the main and
stronger bands.

Emission spectra of CasBa(P04)40:Mn>* powder measured at -190°C and 10°C are shown in Figure
6b) with blue and red lines, respectively, and are typical for emissions from transitions of 3d?
electronic configuration in a tetrahedral environment as described by the Tanabe-Sugano diagram,
Figure 6¢). The spectra show ultranarrow emission bands (FWHM =3 nm (20 cm1) at-190°C; FWHM
= 5nm (35 cm1) at 10°C) from the 1E — 3A2 intraconfigurational transition (1140 nm), followed by
vibrational sidebands with progressions of =~ 320 cm? ((vz2(e)) and = 800 cm ((vi(a1)). This
indicates the coupling of the 1E excited state and the non-totally symmetric v2(e) mode of Mn043-, i.e.,
a dynamic Jahn-Teller effect.

The very small splitting of 1E emission band is due to only weakly distorted MnO4 tetrahedra (see
Table 3) and it is barely visible with our instrument resolution at the emission spectrum measured
at low temperatures (-190°C). The low-intensity broad emission band from the 3T2(3F) — 3A:
transition is centered at 1062 nm (9416 cm-1) and can be resolved only spectral deconvolution,
Figure 6d).

Temperature dependence of the 1E lifetime and emission peak spectral position are shown in Figures
6e) and f), respectively. The 1E level emission decays show lifetime values of about 350 ps at room
temperature and 560 ps at low temperatures. The temperature dependence of lifetime, Figure 6e),
shows that a low-temperature lifetime value is approximately the value of a radiative lifetime.
Considering that the excited state is separated in energy from the ground state by 8772 cm-1, almost
eight quanta of the highest vibrational frequencies of the phosphor (* 1100 cm1) is needed to bridge
the gap. Thus, a multiphonon non-radiative relaxation is not probable as the emission quenching
mechanism. The 1E emission deactivation through the crossing with a charge transfer band is also
not probable due to very high energy difference. Therefore, we assume that the thermal quenching
of the 1E state population takes place by a thermally activated cross-over via 3Tz state, see Figure 6g),
similarly to Mn#* activated phosphors. The temperature dependence of the emission lifetime, shown
in Figure 4e), can be described by the following equation:
Tro-tanh (hv/2kgT)
1+(tgo-tanh (hv/2kgT)/tNR)-exp(—AE /kgT)’

©(T) = (12)

where 7zo = 560 * 19 ps is the radiative lifetime at T = 0 K, k3=0.69503476 cm1/K is the Boltzmann
constant, hv =448 + 90 cm1 is the average energy of phonon coupled to the 1E — 3Az transition, 1/t
= 1527 + 120 ms! is the nonradiative decay rate, AE = 1631 + 200 cm! is the activation energy of
the process (the cross-over via the 3T2 state), and T represents the temperature. The smaller the
configuration coordinate parabola offset between the ground state (3Az) and the 3T state, the larger
the cross-over energy AE (activation energy of the process) needed to activate the non-radiative de-
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excitation process. Thus, the 1IE— 3A2 emission of Mn>* activated phosphors, which have large 3T2
energies and smaller Stokes shifts, will start to quench at higher temperatures.

The shift of 1E emission band with energy is shown in Figure 6(f). It can be described by the following
equation [23, 24]:

R _ . T 4 . T/QD x3
OFE [Cm 1] =a (%) fO de, (13)
where 6 = 783 + 12 K is the Debye temperature of the host material, x = hwp/kgT = 60, /T, wp is
Debye cut-off frequency, and @ =-650 * 17 cm! represents the electron-phonon coupling coefficient.
The relatively high Debye temperature indicates a rigid structure which favors efficient emissions
from optical centers [25].

The concentration dependence of an internal quantum efficiency (QE) is given in Figure 6h). The
largest value of 37.5 * 2.0 % is recorded for the 0.5% Mn>* doped sample, after which the
concentration quenching of emission occurs. This is a relatively high value for an NIR-emitting
phosphor, and comparable to one obtained in Ba3(PO4)2 [26]. The logio(QE/concentration) vs
logio(concentration) plot has a -1.97 slope, which is close to -2, which undoubtedly indicates that a
multipolar electric dipole-dipole mechanism is responsible for the concentration quenching of
emission. The linear dependence of CasBa(P04)40:Mn>* emission intensity on excitation power,
Figure 6i), is expected for the typical downshifting photoluminescence emission process.

The 3d2 electronic configuration of Mn5*in a tetrahedral environment is described by the Tanabe-
Sugano model for 3d® electronic configuration in octahedral symmetry [27], see Figure 6c). The
crystal field and Racah parameters are calculated from the following equations using data from
diffuse reflection and emission spectra [28, 29]:

E(*A, » °T,) 106045 ) (14)
Dq = 10 = 10 cm™ - = 1060 cm
_E(°A; - °T) —E(°A;, - °T,)  15649.5 —10604.5 1757 (15)
x= Dq = 1060.45 -
x? —10x Do = 544 -1 10Dgq Lo (16)
=T Qo3 = - @ —= )
15-(x—8) 1 cm B
1 1
C=5 <E( A, - 'E)—10Dq — 8.5B + E\/4000612 + 40DqB + 4932) (17)
= 2292 cm™?
C
— =421 (18)
B

By comparing the obtained Dq, B and C parameters with literature data, Table 6, one can observe that
CasBa(P04)40 provides the smallest Dg and the largest B parameters amongst all phosphate hosts,
and that Li3VOa is the only host with a smaller Dq (considering available data).
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Table 6. Comparison of the Dq, B and C parameters (all in cm-1) for the tetrahedrally coordinated Mn5+ions in
different crystalline solids

Host material | Dg B C Reference
LizPO4 1208 475 2556 [42]
CazP04Cl 1162 455 2657 [42]
Y2Si0s 1133 550 2255 [43]
Sr5(P04)3Cl 1100 500 2320 [3]

YAIO3 1100 485 2256 [44]
Sr10(VOa4)eF2 1088 518 2321 [45]
CasBa(P04)40 | 1060 544 2292 This work
LizVO4 1049 646 2006 [46]

By considering the obtained parameters and the configuration coordinate diagram, Figure 6g), the
relatively small value of Huang-Rhys parameter S=0.53 is found for the assumed coupling to the v1+

vL/ v3+ vLvibrational mode with energy Aiw = 1128.5 cm™1.

The Slater parameters are calculated from Racah parameters by the simple relations [30, 31]:
F® = 49F, = 7(7B + C) = 42271 cm™?, (19)

C
F® = 441F, = 441£ = 28877 cm™ 1. (20)
Both values are considerably reduced from the free-ion values of F®®?) = 91427 cm™" and F® =

56625 cm 1.

As follows from the Tanabe-Sugano diagram for the 3d? configuration in the tetrahedral crystal field
(Figure 6¢)), the energy separation between the ground state 3Az and the first excited state 1E (in the
strong crystal field) is practically independent on the crystal field strength (both states are parallel
to each other). At the same time, this energy interval is very close to the energy interval between the
3F and 1D states of the free ion, which is determined by the Racah parameters B and C, which vary
from host to host because of the covalent effects. As a result, the nephelauxetic effect is dominating
in this case.

We have tested the performance of Mn>+ activated Ca6Ba(P04)40 (the sample containing 0.75% Mn
since it showed the best quantum efficiency) as a NIR luminescent thermometer operating in the
second biological window and in the physiological temperature range. As can be seen from Fig 7a),
when temperature increases, the broad emission peak from the 3T2 level in the 950 nm to 1030 nm
range also increases in intensity, while the intensity of narrow emission peak from the !E level
around 1150 nm decreases with temperature. This occurs due to thermalization between 1E and
3T2 levels where the energy difference between these two levels (AE7) is bridged by thermally exited
electrons. Consequently, a simple Boltzmann-type relation for luminescence intensity ratio (LIR)
between the two abovementioned emission intensities applies [32, 33]:
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1CT) _ .,

LIR(T) =

AET
exp __kBT ,

where B is a temperature-invariant constant and T represent temperature. The fit of Eq. (13) (full
line, Fig. 7b) to experimental LIR data (diamond markers, Fig. 7b)) is almost perfect (R2=0.997) and
provides AE; of 1216 cm™! which agrees with the energy difference obtained from spectroscopy
(Figure 6g)). To experimentally determine the uncertainty in the LIR (error budget), 50 emission
spectra were acquired at each temperature. Then, the measurement distribution mean was used as
the LIR value while a standard deviation (o;;z) was used as an uncertainty in LIR (as shown in the
insert of Fig. 7b) on the LIR value distribution measured at 30 °C).
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Figure 7. a) Photoluminescence emission spectra of CasBa(P04)s0:Mn>+ powder measured at different
temperatures; b) LIR as a function of temperature (experimental data - diamond markers; fit to Eq. (13) - full
line); insert: the LIR distribution histogram measured at 303.15 K (30 °C) - filled diamond marker; c)
Calculated absolute and relative sensitivities (marked values at 303.15 K (30 °C)); d) Experimentally obtained
values for temperature resolution - filled diamond marker represents the value at 303.15 K (30 °C).

The absolute (Sa) and relative (Sr) sensitivities of the thermometer were then calculated from the
following equations:

OLIR

JLIR 1
aT

SalK™1 = |25, s, 16K~ = 100% - |22 | (22)
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and presented in Fig 7c (blue dots represent values obtained at a temperature of 30 °C). The relative
sensitivity value varies from 2.35%K-1 to 1.26%K-1 over the measurement range, being 1.92%K-! at
30°C. These are relatively high values [34], especially for luminescence thermometers operating in
the second biological transparency window (> 1000 nm). For example, Gschwend et al [35] obtained
a relative sensitivity of 0.43%K-1 for an LIR thermometer based on Mn>+*-activated Bas(P0a4)2, and
Shen et al [36] obtained a relative sensitivity of 1.3%K-! for an LIR thermometer based on AgzS
quantum dots.

The temperature resolution (uncertainty in measured temperature, 6T) is determined as a ratio
between experimentally obtained LIR uncertainty (o;;z) and absolute sensitivity (S,) for a given
temperature, Fig. 7d:

__orr(T)
8T =~ (23)

and it has an average value of 0.21 K. Finally, repeatability of measurement (R) is quantified as:

1 max|LIR—LIR;|
R=1-" (24)
where LIR is the average LIR measured at a certain temperature over all LIR; acquired. Based on

experimental data, an R value of 0.97 (97 %) is obtained.

Er®* and Er**/Yb** doped LaPO4 colloidal nanoparticles

Synthesis: Two colloidal LaP04:5 mol%Er3+ and LaP04:2 mol% Er3+, 20 mol% Yb3+* samples were
synthesized using the solution of trisodium citrate dihydrate added drop by drop to the mixture of
La(NOs3)3 x 6H20 and rare-earths nitrates (Er (NO3)3 x 6H20, Yb(NO3)3 x 6H20) in the stoichiometric
ratio at room temperature. The white precipitate consisting of the La3*-(Er3+/Er3+,Yb3+)-Cits complex
is formed, then completely dissolved by vigorous stirring and adding (NH4)2HPO4 water solution.
Further, the resulting transparent solution was stirred for 1 h at room temperature at pH 5.5. The
dialysis against distilled water for 24 h removed excess ions (pH = 7). Powder samples used for XRD
analysis were obtained by evaporation of aqueous colloidal solutions. The amounts of precursors
used for synthesizing samples are given in Table 7.

Table 7. The amounts of precursors needed for synthesizing samples.
Sample m m (Naz-citrate | m (Er(NO3)z | m (Yb(NO3)3 m
(La(N03)3><6H20) X 2H20) X 6H20) X 5H20) ((NH4)2HPO4)
LaPO. 0.2195¢g 0.1838¢g / / 0.0330g
LaP04:5 mol%Er3+ 0.2086 g 0.1838¢g 0.0116g / 0.0330 g
LaP0.:2 mol% 0.1712 g 0.1838¢g 0.0046 g 0.0449¢g 0.0330 g
Er3+, 20 mol% Yb3+

Structural and morphological properties: Figure 8 (left) shows X-ray diffractograms of
representative LaP04:5 mol%Er3* powder sample obtained by evaporation of aqueous colloidal
solutions presented together with ICDD Card No. 01-084-0600 for monoclinic LaPO4. Observed wide
diffractions indicate ultra-small particle size confirmed with transmission electron microscopy
presented as Figure 8 (right). TEM images show ultra-small particles with around 2 nm size.
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Figure 8 (left) X-ray diffractogram of representative LaP04:5 mol%Er3+ powder sample obtained by
evaporation of aqueous colloidal solutions presented together with ICDD Card No. 01-084-0600 for
monoclinic LaPO4 and (right) transmission electron microscopy image of the sample.

Photoluminescent properties: Figure 9 presents photoluminescent excitation and emission
spectra of LaP04:5 mol%Er3* (Figure 9a-b) and LaP04:2 mol% Er3*, 20 mol% Yb3* samples (Figure
9c¢-d). Spectra shows blue/green emission originating from Er3+ transitions while broad structure of
the spectra is a consequence of ultra-small size of the colloid particles.
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Figure 9 Photoluminescent excitation and emission spectra of (a-b) LaPO4:5 mol%Er3+*and (c-d) LaP04:2
mol% Er3+, 20 mol% Yb3+ samples.
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Er®*, Nd** and Tm**-doped YVO.colloidal nanoparticles

Synthesis: Three colloidal samples: Er3+, Nd3+ and Tm3+-doped YVO4were synthesized in accordance
with the method described earlier [37-39]. The concentration of each precursor solution in water
was 0.05 M. An aqueous solution of trisodium citrate (15 mL) was added drop-wise to the mixture
(total volume was 20 mL) of Er(NO3)3x6H20, Nd(NO3)3x6H20 and Tm(NO3)3x6H20 in stoichiometric
ratios (25 mol% of Er3+, 25 mol% of Nd3* and 25 mol% of Tm3+ ions to Y3+ ions) at room temperature.
After vigorous stirring and slow addition of NH4VO3 dissolved in 0.15 M NaOH (15 mL), the white
precipitate of the RE3*-citrate complex was completely dissolved, and the corresponding vanadete-
based nanostructures slowly grown. Then, as-prepared colloidal solutions were additionaly stirred
and heated at 60 °C for 1 h, and finally dialysed against water for 24 h. The obtained colloidal NPs
(concentration of NPs ~ 6 mg/mL) were used for luminescent properties studies. Powder samples
used for XRD analysis were obtained by evaporation of aqueous colloidal solutions.

Structural and morphological properties: XRD pattern of representative Er3+-activated YVOas
ultrasmall NPs, together with standard data for single tetragonal zircon-type phase (ICDD card No
01-086-0996) with the space group of [41/amd is shown in Figure 10.
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Figure 10 XRD pattern of representative Er3+-activated YVO, ultrasmall NPs, together with standard data for
single tetragonal zircon-type phase (ICDD card No 01-086-0996).

All synthesized NPs have the same morphology and representative TEM image of the Er3+-
activated YVOs nanoparticles is shown in Figure 11a. Figures show ultra-small crystallites of
approximately 2.4 nm in diameter (when measured from edge to edge) and a narrow size
distribution (standard deviation, 64 = 0.5 nm). The mean particle size roughly equals the crystallite
size calculated using XRD, which suggests that each particle consists of a single crystallite.



24

100
Average NP size =2.4 nm
Standard deviation (o) = 0.5 nm
80

I

9

5 60

=

=

@

E=

=

40

20

f—

[ R
T T

0 T T T T
1 2 3 4 5 6 7 8

Diameter (nm)

Figure 12 a) TEM images and b) the particle-size distribution histograms representative YVO4:Er3+

nanoparticles.

UV-VIS optical and photoluminescent properties: UV-VIS absorption spectrum of representative
YVO4:Er3+ colloid sample is presented in Figure 13. The absorption bands correspond to Er3+
absorptions from the #I15,2 level to different excited levels: 4G11/2 (~ 377 nm), 4F7,2 (~ 487 nm), 4S3,2

(~ 525 nm) and #F9;2 (~ 655 nm).
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Figure 13 UV-VIS absorption spectra of representative YVO4:Er3+ colloid sample.

Photoluminescent excitation and emission spectra are presented for YV04:Tm3* colloid sample in
Figure 14. Emission spectra show wide emission peaks that correspond to 1Dz = 3F4 (~ 465 nm) and
3Po — 3F2,3 and 1G4 — 3He transitions (wide band peaking at ~ 540 nm). Again, broad structure of the
spectra is a consequence of ultra-small size of the colloid particles.
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Figure 14 Photoluminescent excitation and emission spectra for YV04:Tm3* colloid sample.
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