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Yb**-sensitized, Ln**(Er**, Pr’*)-doped YOsFs micron-sized bundles of highly crystalline
individual nanotubes have been prepared through hydrothermal syntheses at 185 °C. The
inhomogeneous broadening observed in their optical spectra is associated to the large
distribution of crystal fields around Y**(Ln®) sites in the orthorhombic Pbem Vernier-type
YOsFg host. Based on ratiometric analyses of the thermal evolution of intensities of near-
infrared NIR (~978 nm)-excited green upconversion emissions corresponding to 2H1 125
4S3/2—>4I 152 Er’* transition, the temperature sensing behaviour of Er, Yb:Y¢OsFs was
studied. This thermal sensor exhibits a very high sensitivity S = 0.0060 K" at physiological
temperatures, that surpasses the S value found for Er, Yb:B-NaYF, at these temperatures,
and a maximum S = 0.0082 K at ~ 500 K. Also under NIR diode laser excitation, the color
of the upconverted light from codoped Pr, Er, Yb:Y¢OsFs nanotubes can be selected by the
control of the Pr’* concentration and by the excitation regime and power density. Samples
with low Pr’* concentration emit green light, and the selection between bluish-green light
and white light has been demonstrated with large Pr’* concentration (2 mol%), under

pulsed or continuous wave excitation, respectively.
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1 Introduction

Research in inorganic optically active trivalent lanthanide (Ln)-based upconverting
particles (Ln-UCPs) is nowadays stimulated by their successful exploitation in two main
fields of photonics applications. The first is the development of ultrasensitive markers to
be used in security technology,1 and in a range of imaging and sensing techniques, which

: : : . . 23,4
includes operation as selective biological probes™

and thermal sensing at the sub-
micrometric scale, in particular as accurate cellular thermometers.”*”*? Benefits of Ln-
UCPs as biolabels derive from the use of inexpensive near infrared (NIR) diode lasers (DL)
as efficient excitation sources, the compatibility of excitation wavelengths with the tissue
penetration window (700-1000 nm), that makes possible deep penetration without
damaging the analyzed specimen, as well as the absence of autofluorescent background
signals, leading to the enhancement in resolution imaging. Furthermore, for non-invasive
optical temperature sensing, current developments with Ln-UCPs are often carried out by
applying the fluorescence intensity ratio method.'™"" For this purpose, green emissions
from Er’* corresponding to electronic transitions 2H1 1/2—>4115/2 (at ~ 530 nm) and 4S3/2
—>4115/2 of Er’t (at ~ 550 nm) are particularly appropriate,6’7’9’12 and Yb*' is the usual
sensitizer of Er’* upconversion processes.

The second field of photonic applications of Ln-UCPs deals with lighting
technologies, namely the fabrication of color displays and devices," and the development
of white light sources. Generation of white light from Ln-UCPs can be achieved by the
balance of the intensity of upconverted red, green and blue (RGB) lights, which is usually
reached by co-doping a same crystalline host with two or more different active Ln>* along
with the presence of Yb** as sensitizer. Among the explored combinations of Ln’* the most

popular ones are: i) (Yb), Er, Tm,4’14’15 16,17

that provides emissions at ~645-670 nm (red,
*Fon—"T1sp Er’* transition), ~520-565 nm (green, “Hjip,*S3p—"Tis; Er’* transitions) and
~450-490 nm (blue, 'D,—’F,4 and 'Gs4—’He Tm’* transitions); ii) (Yb), Ho, Tm,*'®!?2°
with main visible emissions at ~645-665 nm (red, SFs—’Ig Ho™ transition), 545-565 nm
(green, 5F4,5 Sz—>518 Ho>* transitions) and ~475 nm (blue, 1G4—>3H6 Tm>* transition); and iii)
(Yb), Ho, Tm, Er combination, that has been successfully tested in nanocrystalline silica-
coated GdVO,.*' As an alternative, Yb**-sensitized Pr’* systems offer the possibility of

simultaneous blue (~485 nm), green (~525 nm) and red (~640 nm) upconverted emissions,

and additionally also orange-red (~605-625 nm) bands, for which the sensitivity of eye L
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cones photoreceptors is enhanced with regards to that for red light emitted by Er’* or Ho™*
at ~650-670 nm.** The upconversion processes of Yb*, Pr’ *-doped oxides have been

23,24

studied only in a few number of single crystals, polycrystalline material,” and

micro/nanocrystals. ***’

Depending on the host different upconversion schemes can be expected for a same
Ln’*. The main factor of this dependence is the cut-off phonon energy value of the host,
which can deeply affect the non-radiative de-excitation rates of NIR-excited Ln’" states,
thus the emission efficiency. The practical need of high luminescence efficiency for Ln-
UCPs can be satisfied in matrices with low phonon energies, which minimize multiphonon
de-excitation probabilities and thus non-radiative relaxations. Halide-based hosts have
typically cut-off phonon energies lower than oxides, namely B-NaYF,, ~400 cm’l;28 KY;Fio
, ~500 cm™;® YF3, ~515 cm™;* KPb,Cls, ~203 cm™;*' but they show poorer chemical and
photophysical stabilities than oxides, and additionally most of the synthesis routes
described for nanocrystalline Ln3+—d0ped halide-based UCPs are complex and often
environmentally harmful. Oxyfluoride-based hosts constitute an intermediate option, with
moderate cut-off phonon energies while maintaining good chemical stability. Among them,
the yttrium oxyfluoride Y¢OsFs, an orthorhombic Pbcm Vernier phase within the general
Y,On1Fnio series, presents some interesting structural characteristics, namely the four
different crystal point sites for Y, two with C symmetry, one C; and one Cs.”> Moreover,
its ~650 cm™ cut-off phonon energy,” allows expecting satisfactory upconversion
efficiency. Further crystallographic information, a list with main Y-O, Y-F and Y-Y
interatomic distances, is shown in Table S1 in the Supporting Information.

Although upconverted white light has been recently achieved in the YOsFjs host, it
has been done only by doping with the classical Yb**, Tm®*, Er’* combination. '’ Thus, one
of the aims of this work is to demonstrate the interest of Yb**-sensitized, Pr’*, Er** codoped
YOsFg (hereafter Ln, Yb:YsOsFs) UCPs for selective light color emission and white light
generation under DL NIR excitation. Moreover, the suitability of Er, Yb:YsOsFg UCPs for
high sensitivity ratiometric thermal sensing will be also shown. We have compared
obtained results of the sensing sensitivity of Er’* in Y¢OsFg with corresponding data of the
most efficient host, i.e., hexagonal B-NaYF, fluoride.*** Ln, Yb:YOsFs samples have
been currently prepared following a highly effective but simple procedure, namely by soft

hydrothermal pH-controlled syntheses carried out in absence of any surfactant agent.
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2 Experimental section
2.1 Preparation of samples
Yb’*-sensitized oxyfluorides (2 mmol), i) doped with Er’*, with composition
Ys.5Ybo.12Er0,0605Fs (2 mol% Yb**, 1 mol% Er™), ii) codoped with Er'* and Pr’*, Yssga
/Ybo.120E10.003Pr/OsFs, (2 mol% Yb™, 0.05 mol% Er’*, ¢ = 0.012, 0.03, 0.045, 0.06, 0.09,
0.105 and 0.12, i.e., 0.2, 0.5, 0.75, 1.0 1.5, 1.75 and 2.0 mol% Pr3+, respectively), and iii)
doped with Pr’*, Y4.05Ybo.12Pr; sOsFs (2 mol% Yb™, 30 mol% Pr’*), have been prepared by
soft hydrothermal synthesis. Rare earth sesquioxides (Y03, Yb,03, Er,O3 Strem Chemicals
99.9 %, Pr,0O; Cerac 99.9 %), and ammonium fluoride NH4F (Merck 95 %) were used as
starting reagents. Ln’*-nitrates were firstly prepared by dissolving together the required
stoichiometric amounts of corresponding sesquioxides in a solution of nitric acid (10 ml of
distilled water and 10 ml of 69 % HNO3), which was kept under heating until complete
dryness. Then the Ln**-nitrates were dissolved in 10 ml of distilled water and added to a
transparent solution of NH4F in 20 ml of distilled water, the pH was adjusted to 9 with
NH4OH, and after 10 min of magnetic stirring the white suspension was transferred to a
Teflon-lined autoclave, which was sealed and heated to 185 °C during 24 h. The reaction
was carried out without using external structure directing agents or organic templates,
whose incomplete removal could compromise the optical emission efficiency. The product
resultant from the hydrothermal reaction was collected by centrifugation, washed with
ethanol several times, and overnight dried to 150 °C in a desiccator, in each case. A
subsequent 3 h annealing to 600 °C was necessary to achieve the orthorhombic Y¢OsFg
phase (JCPDS File #80-1125).° Furthermore, the annealing removes defects typically
associated to wet low-temperature synthesis methods, as oxygen vacancies and local lattice
defects, and promotes a better crystallization.

For comparative purposes a sample of composition B-NaY97Ybgo:ErgoFs (i.e.,
with 2 mol% Yb** and 1 mol% Er’*) was also prepared through a hydrothermal reaction,

see its description in the Supplementary Information.

2.2 Characterization of samples
The characterization of the crystalline phase for each prepared oxyfluoride composition was
carried out at room temperature by powder X-ray diffraction (XRD) performed in a Bruker

AXS D-8 Advance diffractometer, using Cu K, radiation.
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Field emission scanning electron microscopy (FE-SEM) images and quantitative
composition analyses by energy dispersive X-ray (EDX) spectroscopy were performed with
a FEI NOVA SEM230 equipment with an accelerating voltage of 10 kV. Transmission
electron microscopy (TEM) images were recorded with a JEOL 2000FXII microscope,
accelerating voltage of 200 kV, and high resolution TEM (HRTEM) images with a JEOL
model JEM-3000F microscope, working with accelerating voltage of 300 kV.

Chemical characterization by X-ray photoelectron spectroscopy (XPS) was carried
out in ultrahigh vacuum (10" mbar) with a SPECS GmbH system operated with a non
monochromatic Al/Mg anode (200 W, 12 kV). The energy of the photoionized electrons is
determined with a PHOIBOS 150 9MCD detector with a step of 25 eV. The collected
results have been treated to remove satellites, to account for background and line fits with
the CasaXPS software. These measurements were conducted on a pressed pellet.

Room temperature FT-IR optical absorption was collected in the range 4000-250
cm’ using a Fourier transform Nicolet 20SXC spectrophotometer. Optical absorption
measurements were recorded at 300 and 6 K with a Varian SE spectrophotometer. For the
latter measurements a He closed-cycle cryostat connected to a suitable temperature
controller was used. In both cases the oxyfluorides were mixed with spectroscopy grade
KBr, and the mixture pressed to form a semitransparent pellet.

For thermal sensing, upconversion spectra of Er, Yb:Y¢OsFs and Er, Yb:B-NaYF,
samples were measured at temperatures in the range 291 K - 550 K. Upconversion spectra
of Pr, Er, Yb:YcOsFs samples were measured at room temperature. In all cases the
upconversion was nominally excited at 978 nm with a fiber-ended LIMO 25 W diode laser
(DL) module, whose emission band, with 3.5 nm of FWHM, shifts in the range 972.5-978
nm with the increase of the diode current. A collimating optics was attached to the fiber,
and this output was focused by a lens on the sample set at 45°. To avoid any thermal
heating induced by the DL excitation, in optical thermometry experiments the excitation
was carried out in pulsed regime, with a duty cycle of 10 % DL and the DL power output
was limited to 7 W, 15.7 W-cm™ of power density. It was observed that by lowering the
excitation power upconversion band shapes remained unchanged, which indicated the
absence of thermal effects induced by the excitation power. For the study of the emission
features of Pr, Er, Yb:Y¢OsFs samples the DL was operated either continuous wave (cw) or
pulsed with a selected duty cycle in the range 1-10%. The upconversion was collected at
45° (experimental set-up for optical thermometry), or at 90° (spectra of Pr, Er, Yb:YsOsFs

samples) of the excitation beam by a condenser lens, and further focused by a microscope
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objective to the input optical fiber of a Spectral Products model SM440 spectrometer. The
excitation laser light was removed from the detection system by a Edmund Optics
PO:7MOD-11081 short-wavelength pass filter, with a transmission band between 402 and
838 nm. All emission results were corrected by the spectral response of our detection
system. For the control of the sample temperature an Instec system, including a HCP302
hot&cold plate and a high precision mK1000 temperature controller, was used. The
temperature stability was £0.1 K, 0.5 K and + 1 K at 350 K, 373 K and 473 K,
respectively. The actual temperature of the sample was independently measured with a Cr-
Al thermocouple buried below the irradiated point. CIE 1931%7 color coordinates of Pr, Er,
Yb:Y¢OsFs samples were calculated from the spectrally corrected upconversion spectra
using the standard color-matching functions, and by a Konica-Minolta CS200 radiometer.

Results from both methods are similar.

3 Results and Discussion

3.1 Crystal phase, composition and sample morphology

Products obtained after the hydrothermal reaction result to be isostructural to the yttrium
hydroxyfluoride Y(OH), ¢oF; 31 phase, JCPDS File #80—2006,3 % see Figure 1a showing the
powder XRD pattern of a selected sample. After thermal treatment at 600 °C during 3 h,
the observed Bragg peaks fully reproduce the sequence of Akl reflections of the Vernier
phase Y¢OsFs, JICPDS File #80-1 125,3 % and in no case additional lines have been detected,
supporting the purity of the crystal phase and expected compositions from prepared
nominal stoichiometries, see Figure 1b with XRD patterns of all prepared samples.

Figure 2 displays representative SEM, TEM and HRTEM images of Ln, Yb:Y¢OsFs
samples. They are constituted by highly crystalline micron-sized bundles, which are formed
by porous tubular-like nanostructures, see Figure 2c. This porosity can be due to the
removal of internal bubbles of H,O and or hydroxyl groups by the thermal treatment after
the hydrothermal synthesis. The clearly observed lattice fringe distances in the Figure 2d,
0.317 nm, which matches the (161) interplanar d spacing of Y¢OsFs, and the Fast Fourier
Transform (FFT) image included as an inset in the latter Figure, evidence the crystallinity

of prepared hydrothermal oxyfluorides.
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Figure 1. X-ray powder diffraction scans of: a) Er, Yb:Y(OH); F; 3, obtained after the
hydrothermal reaction, and for comparison the pattern scheme of hexagonal Y(OH); ¢oF; 3
JCPDS File 80-2006; b) Yb**-sensitized (2 mol%), Ln**-doped Y¢OsFs samples achieved
after thermal treatment of previously obtained hydroxyfluorides, and for comparison the
pattern scheme of orthorhombic PbcmY ¢OsFs JCPDS File 80-1125.

XPS and EDX analyses were carried out to verify valence state and homogeneous
distribution of constitutive elements in formed microstructures of oxyfluoride samples.
These results have been included in the Supplementary Information, Figure S1 and Table

S2, for XPS data, and Figure S2, for EDX data.
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Figure 2. Images of Ln, Yb: Y¢OsFs: a) and b) SEM images of micron-sized bundles. c)
TEM image of nanotubes forming the bundles. d) HRTEM image of a nanotube, and
corresponding Fast Fourier Transform (FFT) image in the inset.

FT-IR spectra of representative L.n, Yb:Y¢OsFg samples can be seen in Figure 3. The
far infrared region 250-750 cm™, shown on the right side of the axis break, consists of a
series of overlapped broad bands very similar to those previously observed for the undoped
Lu;oO¢F1> Vernier phase,* that can be assigned to vibronic modes of the Y¢OsFg lattice.
Small bands centered at 1630 cm™ and 3440 cm™ correspond to bending and stretching
vibrations, respectively, of residual water, while very weak peaks only seen in the enlarged
(x20) part of spectra at 880 cm™, ~1050 cm™, 1457 cm™, 2860 cm™ and 2920 cm™ are

1’38

assigned to vibronic modes of ethanol,” that was used for washing the hydrothermal

oxyfluorides.
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Figure 3. FT-IR spectra of hydrothermal Ys.g77.,Ybg 12Erg,003Pr,OsFg samples: a) = 0.012, b)
= 0.105. For both prepared oxyfluorides enlarged views (x20) of the 4000-770 nm region
at the left of axes break have been included.

For the formation of above described high aspect ratio tubular forms we propose a
rolling-up mechanism favored by current hydrothermal conditions, acting over the highly
anisotropic and layered structure of Y¢OsFg, see some views of the structure in the Figure 4.
It is the well established mechanism for the formation of low-dimensional tubular products
from the hydrothermal treatment of laminar composites, either these intercalated with long-
chained organic molecules yielding V,Os-related nanotubes,® or these obtained directly
from precursors, for instance, cubic sesquioxides Ln203,40’41 and tetragonal GdVO4.42 The
coexistence of scrolls rolled at different degrees, as can be seen in Figure 2c and Figure S3
supports this mechanism.

Concerning the characterization of the hydrothermal Er, Yb: B-NaYF, sample,
Figure S4 shows its XRD pattern, in which only the Bragg peaks corresponding to the
hexagonal P63/m B-NaYF, phase are seen, and Figure S5 displays some SEM and TEM

images.
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Figure 4. Views of the ab plane of the orthorhombic structure of the Vernier Y¢OsFg phase
(crystal data taken from the Collection Code 68950 of PHP-MySQL Inorganic Crystal
Structure Database, Fachinformationszentrum, Karlsruhe. Blue, red and green balls
represent Y, O and F atoms, respectively.

3.2 Ratiometric temperature sensing with Er, Yb:Y(OsFg

3.2.1 Thermal evolution of upconversion spectra

An initial assessment of the role of both Yb** and Er’* concentrations on the intensity of the
visible NIR excited (~980 nm) upconversion of Ye.,.,YbEryOsFs samples was carried out
by varying firstly x in the range 0.12-0.9 (i.e. Yb®* concentrations from 2 to 15 mol%) with
y = 0.06 (i. e. Er’* concentration 1 mol%), and then for the resulting best x by varying y
from 0.012 to 0.12 (i.e. Er** concentration from 0.2 to 2 % mol). Optimised results were
found to correspond to Ys.s,Ybg 12Erg06OsFs (2 mol% Yb3+, 1 mol% Er3+, hereafter Er,
Yb:Y6OsFs).

Visible upconversion spectra of the Er, Yb:Y¢OsFs sample at measured temperatures
in the 292 K - 532 K range consist of: i) Green emissions having two groups of well
resolved maxima, the first one with peaks at 522 nm, 527 nm and 534 nm is assigned to
2H11/2—>4115/2 Er’* transitions, and the second one with peaks at 547 nm and 554 nm that
corresponds to 4S3/2—>4115/2 Er*t transitions; ii) A strong red emission at 645-675 nm,
originated from the 4F9/2—>4115/2 Er’* transition. For convenience, Figure 5 includes a
schematic representation of the distribution of the energy levels of Yb** and Er**, and

electronic transitions giving rise to green and red Er’" upconversion. Measured
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upconversion spectra for the lowest (292 K) and highest (532 K) measured temperatures are
shown in Figure 7a, from which the change in the relative intensity of these transitions with
the temperature can be clearly appreciated, and Figure 6b presents a view of the evolution

of green bands in the range of temperatures of physiological interest, 292 K - 323 K.

3.2.2 Assessment of thermal sensitivity: Discussion

Green upconversion mainly occurs through two successive near-resonant energy transfers
(ET) from Yb*" in “Fs), state to Er’*, the first exciting Er’* to the intermediate *I;;;, state
and then to 4F7/2, although upconversion processes through Er’t ions, ground state
absorption (GSA) and excited state absorption (ESA), can also play a role. Green emitting
levels 2H11/2 and 483/2 are populated by multiphonon relaxation from 4F7/2. Furthermore, the
red emitting 4F9/2 state is also populated by non-radiative multiphonon relaxation from 4F7/2,
but the strong intensity of the red band points to further mechanisms also feeding *Fy,**
see their schemes at the left side in Figure 5.

Er'* upconversion spectra in Figure 6a indicate a simultaneous development of the
green emission from 2H11/2 and the decrease of the emission from 4S3/2 as the temperature
rise from room temperature. This situation is understood as derived from the redistribution
of the relative electronic population of 4S3/2 and 2H11/2 multiplets, which having relatively
close energies are in thermal equilibrium governed by the Boltzmann law, n; = N-exp(-
Ei/kgT), being n; the population of the level i, E; its energy, N the total number of electrons
of the system, kg the Boltzmann constant, 8.6173 %107 eV-K'l, and T the absolute
temperature in Kelvin. Since the luminescence intensity of a given level is proportional to
its electronic population, the intensity ratio R of the two thermally coupled Er'* energy

levels can be written as:

2H nog
. /2 4 . /2 _ C.exp(-AE/kgT) (1)
483/, 483/,

where AE is the energy gap between *S3p and *Hy 1, and the proportion has been converted
to the equality by introducing the preexponential C constant, that includes dependencies on
the degeneracy, spontaneous emission rates and energies of the emitting states in the
host.®!!

Figure 7 shows the thermal dependence of the *Hy1;2 and *S3p intensity ratio R,
calculated from integrated areas of corresponding bands (full triangles), along the whole

measured temperature range. The exponential dependence on temperature indicated in Eq.
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(1) was assessed by fitting LnR vs 1/T (open triangles), which gave values for C and AE of
7.440.1 and 598+4 cm™, respectively. Alternatively, by using heights of well resolved
peaks at 522 nm (2H11/2) and 554 nm (483/2) to calculate R (Figure 7, squares) values of
C=14.8+0.3 and AE=708+4 cm™" have been obtained.

low [P1] high [P1] high [P1]
p DL cw DL
Fsi2 SP% . 1 ZP%
= == p! ~ Pl ———
20+ - 'F o ‘?’TJ 3|-}0F’ MIEEE 39;6%1)
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Figure 5. Schemes of Ln* = Yb**, Er’* and Pr’* electronic configurations in the YsOsFg
host. Pathways for ~978 nm excited upconversion in Yb**-sensitized (2 mol%)
Ys‘ngbo.leI'().0605Fg (1 mol% EI‘3+), Y5.g47Yb0.12 Er0.003PI'0‘0305F8 (005 mol% EI’3+, 0.5
mol% Pr’*, low [Pr]) and Ys757Ybo.12Er0 003Pro.1205Fs (0.05 mol% Er’*, 2 mol% Pr’*, high
[Pr]) samples include (upward arrows) ground state absorptions (1), excited state absorption
(2), and (dashed arrows) Yb**-Ln’* resonant energy transfers. Upconversion emissions and
their intensity distribution are illustrated by corresponding sets of downwards arrows.
Schemes of cross-relaxations for populating emitting multiplets *Fop Er’* (CR) and 'D, Pr’*
(CR1), *P, Pr’* (CR2), and °F, Pr'* (CR3) are also depicted.
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achieved (continuous lines).

For temperature sensing applications it is important to know the rate at which the
measured temperature-sensitive parameter varies for a certain change in temperature. This

rate is known as the sensitivity S of the thermal sensor, and when the measured parameter

is R it is defined as:

S:

LnR

OR . AE AE

— =C-(——)exp(-AE/k;T) =R
o (kBTz) xp( 51) (

k,T?

550 575

WAVELENGTH (nm)
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By using AE previously results derived from Figure 7 it is possible to calculate the
thermal sensitivity S of Er, Yb:YOsFs, which is presented in Figure 8, triangles for R
calculated from integrated areas of 2H11/2 and 483/2 bands, or squares for R calculated from
heights of peaks at 522 nm (2H11/2) and 554 nm (4S3/2). While for the first dataset S varies
from 38.7-10* K™ to 46.7-10* K'', for the second one S is clearly higher, from 53.5.10* K
to 81.5-10* K.

‘_/\ 80 B
X [ErYbBYOF,
ﬁro 70 '(peaks) = Er, Yb:B—NaYF4
— k
3 = (peaks)
|>__ 60
; Er, Yb:Y O_F
= 50 65 8 °
= (areas)
wn
Z 40
(NN}
(s} Er, Yb:p-NaYF,
30 (areas)

300 350 400 450 500 550
T (K)

Figure 8. Sensitivity of Er, Yb:Y¢OsFg thermal sensor: ratiometric evaluation of the
intensity of upconverted green Er’* emissions: 1, through integrated areas of bands (full
triangles); 2, through heights of peaks at 522 nm (2H11/2) and 554 nm (4S3/2) (full squares).
For comparison, the measured thermal sensitivity of Er, Yb:B-NaYF, has been included (3,
from integrated areas of green bands, full circles; 4, from heights of peaks at 521.2 nm nm
(2H11/2) and 546 nm (483/2), full stars). The underlined area corresponds to the physiological
temperature range, 290 K- 323 K.

For Er,Yb:B-NaYF,, the most efficient green upconverting ma‘[erial,34 the thermal
sensitivity derived from the 2H11/2 to 4S3/2 emission intensity ratio R can be found in the
literature,” as well as for its polymorph Er,Yb:oc—NaYF4.7 However, to establish more
properly the comparison with the sensitivity of currently studied Er, Yb:Y¢OsFs,
upconversion spectra of also prepared Er, Yb:3-NaYF, have been measured with the same
experimental set up, in the same temperature range. In Supporting Information Figure S6a
shows the evolution of NIR excited upconversion green bands corresponding to 2H11/2,

*S3n—"T1s electronic transitions of hydrothermal Er, Yb:3-NaYF, in the temperature range
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292 K - 544 K, and a simplified view with spectra of lowest and highest measured
temperatures is displayed in Figure S6b. Figure S6c gives the thermal dependence of R,
with R values calculated using either integrated areas of green bands or heights of
individual well-resolved peaks for 2H1 12 and 4S3/2, as well as corresponding expressions for
best fits of LnR vs 1/T in each case.

The comparison of the currently measured thermal sensitivity of Er,Yb:B-NaYF,
with that of Er,Yb:Y¢OsFs appears in Figure 8. It can be seen that for similarly extracted R
data, that 1is, either integrated areas (circles for FEr,Yb:B-NaYF,; triangles for
Er,Yb:YcOsFs), or alternatively heights of individual peaks (stars for Er,Yb:B-NaYF,;
squares for Er,Yb:YOsFg), the oxyfluoride phase always compares favorably with the
fluoride for temperatures below 450 K, and especially in the temperature range of

physiological interest 295 K - 323 K.

3.3 Selection of NIR excited upconverted light color in Pr, Er, Yb:YsOsFs
oxyfluorides

Besides the green bands, the room temperature upconversion spectrum of 1 mol% Er’*, 2
mol% Yb3+:Y605Fg shows a strong, in fact dominating, red emission from the 4F9/2—>4115/2
Er’* electronic transition, see previous Figure 6a. Its high intensity indicates upconversion
mechanisms that populate 4F9/2 in addition to non-radiative decay from the 483/2 state,43 A4
i.e., the cross-relaxation (CR) process [4F7/2, 411 1/2]—>[4F9/2, 4F9/2] that bypasses 2H11/2 and
4S3/2 levels, and whose efficiency is enhanced by the current high Er’* concentration, as
well as a second ET from Yb>* (2F5/2) to Er't (4113/2), after efficient non-radiative decay
from 4111 1, see schemes depicted in the left part of Figure 5.

Thus, the generation of white light by RGB intensity balance in the YsOsFg host can
be reasonably achieved by incorporating a blue emitting Ln** cation to the Er’*-Yb**
combination. We have now analyzed the possibilities offered by Prt-Er’* codoping, as an
alternative to the earlier studied Tm**-Er** combination.”

The specific characteristic of the currently studied oxyfluoride structure, namely the
Y**(Ln®) multisite character (see Table S1 and results concerning Pr’* sites in Y¢OsFs
from absorption spectra at 6 K, Figure S7), with a cloud of short Y-Y distances, as short as
3.5730 A, is the origin of the observed inhomogeneous broadening of optical spectra for
current oxyfluorides. In fact, even in the low temperature optical absorption spectrum of Pr,
Yb: YsOsFg, Figure S7, the bands are broader than those usually observed for pr’ +—doped

crystalline hosts, like structurally ordered oxides***® fluorides,47 and also in disordered
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oxides.* Furthermore, this structural characteristic suggests a crucial role for the Ln**
concentration in achieving the critical Ln-Ln distance that favors energy transfer and cross-
relaxation (CR) processes, thus in the relative intensity of the observed upconversion
transitions, which are moreover strongly sensitive to the optical excitation power. To
properly explore these relationships, upconversion spectra of samples with Ysg77.
+Ybo.12Er0 003PrOsFg composition, in which Yb** and Er** concentrations are 2 mol% and
0.05 mol%, respectively, and the Pr’* concentration varies in the range 0.012 <r<0.12 (0.2
to 2.0 mol%) were measured under DL excitation power densities from 155 W-cm™ to 1098
W-cm™, in both pulsed and cw excitation regimes. Figures 9 and 10 show the comparison
of upconversion spectra for Ysg47Ybg 12Er0003Pr0.0305Fs (0.5 mol% Pr3+) and
Ys5.757Ybg.12Erg 003 Prp120sFg (2.0 mol% Pr3+) samples, respectively, selected as
representative compositions for low and high Pr-doped samples, in both cases under diverse
pulsed and cw excitation conditions. Previous Figure 5 also includes schematic
representations of the distribution of energy levels of Yb®* and Pr’*, and electronic

transitions involved in observed upconversion emissions.

3.3.1 NIR excited upconversion in low Pr-doped, Er, Yb:YOsFg oxyfluorides

For low Pr** concentration, sample Ysg47Ybg 12Er0,003P10.0305Fs, the NIR-excited
upconversion spectrum consists of emissions from both Pr’* and Er’* activators: i) A very
weak blue contribution at 477 nm, that corresponds to 3P1(+116)—>3 H, Pr’* emissions, along
with an intense blue band with peaks at 490 nm and 497 nm corresponding to ’Py—>H, Pr’*
emission, the structure of this band being most likely due to transitions to different Stark
levels of the *H, multiplet, see Figure S7. ii) The green band corresponding to
2H1 1/2,483/2—>4115/2 Er’t emissions, already described in the earlier Section; iii) An orange
band peaking at 619 nm, 3Po—>3 Hs P’ . iv) Red bands in the range 650-678 nm, with
maxima at 655 nm and 670 nm, which correspond to *Py—"F, Pr’* and ‘Fop—"1;5 Er’*
overlapped transitions, see Figure 9. The comparison between pulsed and cw excited
upconversion spectra in Figure 9 shows that although with similar distribution of energy,
the relative intensities of these peaks strongly depend on the strength and type (pulsed or
cw) of the DL excitation. In pulsed excited upconversion spectra dominating transitions are
from °Py Pr’* and from *S;,, Er’* states, and bands from *P;(+'lg) Pr’" and from *H,;,» Er’*
are very weak and of medium intensity, respectively. Under high cw excitation power a
progressive development of emissions from latter states is observed, being especially

noteworthy for *Hj,, Er’*.
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Figure 9. Upconversion spectra of Ys.g47Ybo 12Er003P10.0305Fs (0.5 mol% pr’ ™) under DL
excitation at ~978 nm: Pulsed DL, with power density of a) 350 W-cm'z, b) 531 W-cm'z,
andc) 713 W-cm™. Cw DL excitation with power density of d) 168 W-cm?, e) 312 W-em™
and f) 713 W-cm™.

3.3.2 NIR-excited upconversion in high Pr-doped, Er, Yb:Y¢OsFs oxyfluorides

For high prit concentration, Ys757Ybg 12Er0003Pr0.1205Fs, the upconversion spectra show
differences with those described above, see Figure 10. For low enough NIR excitation
power density, 155 W-cm™, both in pulsed (Figure 10a) and cw (Figure 10d) regimes, the
spectra show: i) Two blue bands, the first at 454 nm, 3P2—>3H4 Pt transition, and a second
more intense with main maxima at 474 nm and 477 nm, 3 P1(+1I6)—>3 H4 Pr’* transitions. ii)
A very weak red peak at ~650 nm that corresponds to the P,—F4 Pr’” transition. iii) A
strong IR band centered at ~800 nm, the 1D2—>3H6 Pr’* transition. The latter IR band was
not observed previously in oxyfluoride samples, neither with Er’* nor with low Pr’*
concentration, Figures 6 and 9, respectively. Also it is worth noticing the complete absence
of Er’* green emissions, in contrast to the intense bands observed in Figure 9. By increasing
the pulsed excitation power density, together with the above described peaks, the blue band,
3Po—>3H4 Pt transition, the green band, 2H11/2, 4S3/2—>2115/2 Er't transitions, and several
orange 'D,— H, Pr’*, *Py—>Hg Pr’* and red bands, *Py—’F, Pr’*, begin to be observed, and
their intensities experience a progressive development with the increase in power density

strength.

Page 18 of 27



Page 19 of 27

Physical Chemistry Chemical Physics

-2
o a) p DL 155 W.cm P+

3P (+71g)-2Hy p i
< '

©
I
<v>I

Y
(=]

-

N
o

Pri*
35 3
P,°F,

b) p DL 470 W.cm™2

Pr

UC INTENSITY (arb. u.)

400 500 600 700 800 400 500 600 700 800
WAVELENGTH (nm) WAVELENGTH (nm)

Figure 10. Upconversion spectra of Ys757Ybg 12Ero 003 Pro.1205Fs (2.0 mol% pr’ ™) under DL
excitation at ~978 nm: Pulsed DL, with power density of: a) 155 W-cm'z, b) 470 W-cm'z,
and ¢) 1098 W-cm™. Cw DL with power density of: d) 155 W-cm™, e) 470 W-cm™ and f)
470 W-cm-, steady-state.

By changing the NIR excitation to the cw regime on the same Ys7s57Ybg 12Erg 003
Pry.1205Fg composition, the general evolution of upconversion spectra with the power
density strength is similar but faster than that in pulsed excited spectra. A first spectrum
collected under enough moderate power density, 470 W-cm™, shows relative intensities of
blue, green and red bands still quite similar to those observed under the same power density
pulsed excitation, compare Figures 10e and 10b, but in the cw excited 470 W-cm™ steady-
state UC spectrum these visible bands are like those in the 1098 W-cm™ pulsed excited
upconversion spectrum, compare Figures 10f and 10c. On the other hand, under cw
excitation the IR 'D,—>Hg Pr’* emission is getting stronger than in the pulsed excitation
regime, compare Figures 10e and 10f (cw excited spectra), and 9b and 9d (pulsed excited

spectra).

3.3.3 Excitation and de-excitation pathways in Pr, Er, Yb:Y¢OsFs oxyfluorides:
Discussion

To better understand the origin of above pointed out differences in upconversion spectra of

Y's.577./Ybo.12Er0,003Pr;0sFs samples, Figure 5 has included the Yb**-Pr’* excitation and de-
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excitation pathways separately for low and high Pr’* concentration. Independently of the
considered Pr’* concentration, the intermediate 'G4 Pr'* state is efficiently populated by
resonant energy transfer from an 2F5,2 excited Yb>* (2F5/2, 3H4)—>(2F7/2, 1G4). Later on, in
low Pr-doped samples the absorption of a second NIR ~978 nm photon excites Pr’* from
1G4 to 3Po (excited-state absorption ESA). Observed bands at blue, orange and red
wavelengths under pulsed DL excitation at low power density can be explained on the basis
of emission transitions from > Py Pr’* to 3H4, 3 Hg and 3F2, respectively, see Figure 5. The
increase of the excitation power density, especially under cw DL excitation, heats the
sample and induces the redistribution of the relative electronic populations of thermally
coupled levels of Pr’* and Er’ * that further populates 3P1(+1IG) above 3P0 and 2H11/2 above
*Sam, respectively. It leads to the observed development of the short wavelength side of the
blue and green bands, i.e., emissions from 3P1(+116) and 2H11/2, respectively, associated to a
parallel decrease in the intensity of the long wavelength wing, i.e., emissions from Py and
*Sam, respectively, which results to be especially remarkable for the green band, see Figure
9f. Thus, strong cw DL excitation represents “hot” exciting conditions, while low power
density pulsed DL excitation is able to keep the sample at temperatures near room
temperature, and therefore represents “cold” exciting conditions

In contrast, in samples with high Pr’* concentration excited with DL NIR low power
density, 155 W-cm™, in both pulsed and cw regimes, emissions from Er'* are completely
quenched, and those from 3 Py Pr’* are absent. In this case the blue light is emitted from 3 P,
and °P,(+'Is) Pr’* multiplets. This fact as well as the strong IR emission at ~800 nm,
lD2—>3 He pr’ *, point to a very effective 3P0—>1D2 Pr’* non-radiative decay in this system.
Several mechanisms have been proposed for this decay: multiphonon relaxation,” [*Py,

50,51,52

3 In 3 . . . . 34 . . .
H4]—[ D,, "Hg¢] cross-relaxation between pairs of interacting Pr * jons, relaxation via

intersystem crossing through a low-lying 4f5d excited state of Pr’*,"*”* and intersystem
tunneling through a low-lying Pr-to metal charge-transfer state (virtual charge exchange
model).54 3Po to 1D2 multiphonon relaxation rate is weak because more than six host
phonons are required to fill the energy gap between these multiplets. Taking into account
that cross-relaxation (CR) processes are favored by the high Pr’* concentration, the
quenching of the 3Po emission is likely due to the improvement of the [3Po, 3 H4]—>[1D2, 3 Hg]

263052 o6 this

CR efficiency to populate 'D, with the increase of the Pr’* concentration,
proposed CR1 scheme in Figure 5. On the other hand, the sequential two-photon absorption

process for 978 nm photons does not supply enough energy to populate ’P,. However, there
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are several cross-relaxation processes that can be considered to fed 3 P, from 1D2, namely
['Ds, 'Da]—[Pa, 'Gal,** ['Da, *Fal—[P2, *Hal,” and the resonant ['D», 'Ga]—[P2, *Hl,
see the scheme for this latter process, CR2, in Figure 5. Then emitting Pi(+'Te) multiplets
are populated by non-radiative relaxation decay from P,

In the pulsed regime, the increase of the DL NIR excitation power density fasten the
non-radiative decay from 3P2 to 3P1(+II6) and 3Po, which would explain the development of
blue and red emissions from Py, see Figure 10b corresponding to the sample under 470
W-cm™ pulsed excitation power density. Furthermore, the increase of the excitation power
produces a significant development of the green emission 2H11/2, 4S3/2—> 4115/2 Er3+, that
arises mostly from the thermally populated higher energy “Hjy, state, as it is indicated by
the observed thermal evolution of these states in Figure 6a.

The presence of well developed emissions from Py along with the increase of
intensity of the NIR emission from 'D; observed in upconversion spectra of “hot” samples
in both the steady-state under cw excitation of 470 W~cm’2, Figure 10f, and under 1098
W-cm™ power density in the pulsed regime, Figure 10c, point to an additional pathway for
further population of the 'D, multiplet. Such pathway can start with the population of the
intermediate 3F4 through the CR3 cross-relaxation (1G4, 3H4)—>(3 Hs, 3F4), and then by the
absorption of the second 978 nm photon in the ’F, multiplet (ESA)," see the corresponding

scheme in Figure 5.

3.3.4 CIE color coordinates of Pr, Er, Yb:Y¢OsFs oxyfluorides

Figure 11 illustrates the variation of the CIE color coordinates with the Pr’* concentration
along the prepared oxyfluoride Y’ g77.,Ybo 120Er0,003P1,OsFs series, for two particular DL cw
pumped power densities, namely 155 W-cm? and 470 W-cm™. The CIE coordinates
correspond to steady-state upconversion spectra (“hot” samples). Alternatively, Figure 12a
shows the evolution of CIE color coordinates for the two representative
Y'5.847Ybo.12Er0,003Pr0.0305Fs (0.5 mol% Pr) and Ys757Ybo.12 Ero003Pro.1205Fg (2 mol% Pr)
samples under cw pumped power densities in the range between 155 and 713 W-cm™
(steady-state, “hot” samples), as well as CIE color coordinates for the higher Pr-doped
sample under DL pulsed excitation (“cold” samples). Figures 12b and 12c show
photographs taken with a digital camera without any filter of the bluish-green light
emission from Y's.g47Ybo 12Er0003Pro030sFs (cw excitation of 784 W.cm™ power density)
and of the white light from Ys757Ybg 12 Erg003Pr0.1205Fs (pulsed excitation of 627 W-cm?

power density).



Physical Chemistry Chemical Physics

Beyond experimental uncertainties, the general rule is that almost independently of
the excitation power, samples with low Pr’* concentration (f < 0.045) emit green light, that
is, the intensity of Er’* green bands predominates even if Er’* concentration is about one
order of magnitude lower, while the light from samples with medium Pr’*-doping level
(typically those with = 0.045, 0.75 mol% Pr, to t = 0.105, 1.75 mol% Pr) has bluish-green
color, due to the intensity increase of blue emission of Pr’*, and finally the sample with
highest Pr’* concentration (¢ = 0.12, 2.0 mol% Pr) can emit blue light under pulsed DL
excitation (“cold” sample), with complete quenching of any Er’* emission, or white light in
the steady-state reached under cw DL excitation (“hot” sample), with CIE coordinates very
close to the achromatic point (0.29, 0.30), (0.29, 0.35) and (0.31, 0.36), for 155, 312, and
470 W-cm™, respectively, in this case by RGB mixing of emissions from both Pr** and Er**,

being their concentration ratio of 40:1.

Y5.877-tho.12'3@.00:3'3r QsFg a)
cw‘ 155 Wiem’

_.540

Figure 11. Variation of CIE color coordinates in the oxyfluoride series Ysg77.
1Yby 120E10,003Pr,05F3, t = 0.03 to 0.12, under DL NIR cw excitation at ~978 nm, with power
density of: a) 155 W-cm?, b) 470 W-cm?. The arrows indicate increasing prt
concentration [Pr]. The black line corresponds to the black-body radiation curve.
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Figure 12. Variation of the CIE color coordinates in the oxyfluoride series Ysg77-
+Ybo.120E10,003Pr/OsFg, t = 0.03 to 0.12, under DL NIR cw excitation at ~978 nm, with power
density of: a) 155 W-cm™®, b) 470 W-cm™ The arrows indicate increasing Pr’*
concentration [Pr]. The black line corresponds to the black-body radiation curve.

4 Conclusions

Micron-sized bundles of highly crystalline individual nanotubes of Ln, Yb:Y¢OsFg
oxyfluorides have been prepared through an efficient low-temperature hydrothermal
synthesis.

The ratiometric analysis of the thermal evolution of intensities of Er, Yb:YsOs NIR
excited (~978 nm) green upconverted emissions from thermally coupled 2H11/2 and 4S3/2
Er** multiplets indicates thermal sensing potential with better sensitivity (S ~41-10* K™
than Er, Yb:B-NaYF, (S ~32-10"* K™ in the temperature range of physiological interest.
Additionally, we also demonstrated that the simplified analysis of the thermal evolution of
green bands by using heights of individual well-resolved maxima for 2H11/2 (at 522 nm) and
*Ssp (at 552 nm) allows substantial increase of sensitivity in thermal sensing with Er,

Yb: Y605Fg.
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Under NIR excitation the room temperature upconversion of isolated Ln’* centers in
low Ln-doped Yb:Y¢OsFg samples is mainly related to 3P0 Pr’* and 4S3/2 Er’* radiative
transitions, which produce blue, green, orange and red emissions, being predominant the
green ones. The increase of the excitation power density, and the subsequent heating of the
sample, promotes emissions from 3P1(+1I6) Pr’* and 2H11/2 Er’t multiplets in thermal
equilibrium with Py and *S3p, respectively. By increasing the Pr’* concentration, privileged
upconversion transitions are the IR transition from 'D, Pr’*, which is specific of high
concentrated Pr’* samples, and also the blue ones from 3 P, and 3 P1(+116) Pr’* multiplets. For
high Pr’*-concentrated samples, the emission from 3P0 Pr’* and emissions from Er’" are
completely quenched at moderate excitation power density, but they can be recovered by
increasing the excitation power, which induces further green, orange and red emissions.
The strong sensitiveness of the upconversion behavior to the Pr’* concentration, and for
high Pr3+—doped samples also to the NIR excitation power density, offer the opportunity for
light color selection and white light generation by appropriate RGB intensity balance with

Pr, Er, Yb:YOsFs oxyfluoride nanotubes.

Electronic Supporting Information Available: Table S1: Selected bond distances lengths
for Y¢OsFs. Description of the hydrothermal preparation of Er (1 mol%), Yb (2 mol%):-
NaYF, sample. Results of XPS analysis of Y¢OsFs, with Figure S1: XPS spectra Y¢OsFs
and Table S2: Data from XPS analysis. Figure S2: EDX elements color maps and
quantitative analysis of Y403Ybo 12Pr; 8OsFs. Figure S3: Additional TEM images of Ln, Yb:
YOsFs scrolls rolled at different degrees. Figure S4: XRD scan of hydrothermal Er, Yb:[3-
NaYF, sample. Figure S5: SEM and TEM images of hydrothermal Er, Yb:B-NaYF,
sample. Figure S6: Upconversion spectra of Er, Yb:B-NaYF, for temperatures in the range
292 K to 544 K, and ratiometric intensity analyses of Er’* green bands. Figure S7: Optical

absorption spectra of Pr** in Pr (30 mol%), Yb:YsOsFg at room temperature and at 6 K.
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