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Abstract

Cubic a-NaYF,; nanometer-sized crystals doped with Eu®*, Tb*, Yb**-Eu®* or Yb**-Tb**
were synthesized by an original coprecipitation route. The obtained nanoparticles exhibited
primary particles showing cubic shape with sizes ranging between 35 and 65 nm. The singly-
or co-doped nanophosphors exhibited strong red (Eu**) or green (Tb*") fluorescence upon
ultraviolet (UV) or near infrared (NIR) excitation, which resulted respectively from down- or
up-conversion processes occurring in their structure. Spectroscopic properties were
investigated on the basis of emission spectra as well as luminescence decays. From the
emission spectra of Eu®* doped samples, the Q, and Q4 Judd-Ofelt intensity parameters were
calculated. The concentration quenching of the Eu®* or Th** ion emissions in singly-doped or
Yb* co-doped a-NaYF, were ascribed to resonant cross-relaxations. The main derived
interaction between the active ions was evidenced as an electric dipole-dipole one through
fitting the decays curves with the Inokuti-Hirayama model. The critical distances and energy
transfer microparameters for the transfer processes were given showing very short range
interaction. The dependence of integral up-conversion intensity on the NIR energy of the
beam power was measured. The results indicated a two-photon process based on a
cooperative energy transfer.

Keywords: Nanophosphors, Fluorides, Luminescence, Down-Conversion, Up-Conversion,
Judd-Ofelt Theory



1. Introduction

Due to their transparency in the ultraviolet-visible range and their low phonon energies,
fluorides are efficient hosts for up-conversion (UC) and down-conversion (DC) luminescence
of rare earth (RE) ions [1]. Many applications of fluorides doped with RE have been
performed, such as optical communications [2], lasers [3], display devices [4], and so on
One of the most emerging applications resides on the use of rare-earth doped fluorides
exhibiting both down (DC) and up (UC) conversions as solution for improving the energy
efficiency of crystalline silicon (c-Si) solar cells as they can be used as mismatch media
between the incident sunlight spectrum and the c-Si semiconductor [6]. However, to be
applied on a c-Si, the DC and UC converters should be coupled onto the front surfaces of the
cells [7]. Consequently, nanoparticles (NPs) with uniform distribution are required as host
material, since they are expected to minimize scattering of incident sunlight

Recently, rare-earth doped NaYF, nanocrystals were prepared with various methods like
hydrothermal , solvothermal thermolysis , sol-gel , molten salt

and solid-state methods

NaYF,; nanocrystals may be prepared in two polymorphic forms, either cubic (o) or
hexagonal () phases depending on the synthesis conditions. The crystal structure of
sodium yttrium fluoride has been the subject of debate for a long time. To obtain the cubic
phase a-NaYF,, several hydrothermal and solvothermal processes were utilized. Z. Wang et
al. used a hydrothermal route in a 30 mL autoclave, heated at 180°C for 24 h with the
stoichiometry Y*": F" = (1:4). G. Wang et al. used a 50 mL autoclave heated at
180°C for 24 h and a 30 mL autoclave heated at 160°C for 6 h. Y. Ma et al. used a 50 mL
autoclave heated at 180°C for 10 h. J. Wang et al. synthesized this cubic form by a facile
citric acid-assisted solvothermal process in a 100 mL Teflon-lined autoclave sealed and
heated at 170°C for 12 h. But all these synthesis processes are energy consuming due to the
high pressure conditions they imply, thus new energy efficient routes for preparing these
fluorides as nanocrystals are requested. An alternative will consist in implementing a
coprecipitation method to prepare NaYF, at low temperature and atmospheric pressure. Such
a synthesis process was already used to obtain a-NaYF,; but either as monodisperse
microspheres [19] or as polydisperse nanoparticles [20].

In this work, we were able to synthesize nanoparticles of undoped and Eu®*, Tb**, Eu®*-
Yb* and Th**-Yb** doped cubic a-NaYF,, via a facile approach at atmospheric pressure using
a coprecipitation method on the basis of P. Lei et al. report which is related to the
preparation of B-NaBiF, nanocrystals. It was not possible to obtain the B hexagonal form in
our case since the synthesis of this phase requires a temperature higher than 200°C , and
the ethylene glycol (EG) used as the solvent in this procedure, has a boiling point of 180°C.
Different temperatures and different reaction times were used to check the stability of the a-
NaYF, matrices. The crystal structure and the morphology of the as-obtained NPs were
assessed by XRD and TEM. Such analyses have allowed us to define accurately the
parameters allowing to obtain pure a-NaYF4 NPs with uniform size distribution. The defined
procedure was used to prepare singly doped a-NaYF,: Ln** and co-doped a-NaYF,: Yb**,
Ln** NPs (Ln**= Eu®, and Tb®"). The choice of such ions is oriented by the fact they exhibit
strong DC visible emissions under UV excitation, which fit nicely the absorption spectrum of



the ¢-Si cells. The activation by Yb*" ions, which are well-known for their capability to
efficiently absorb near IR radiations around ~ 1 um and to convert them into the visible
wavelength range by UC mechanism with codoping ions like Er**, Tm** or Ho®* [23], was
used to investigate such process in presence of both Eu** or Th*" for which only few reports
exist

Visible emissions from both singly doped and Yb*" codoped a-NaYF4 were analyzed through
excitations in the UV and near IR as function of the Eu** or Tb®" ions concentrations keeping
the Yb®" concentration fixed at 20 mol.%, value which generally corresponds to the upper
limit for which no energy transfer between Yb** occurs, as reported in several papers

In addition, the luminescence decays of the emitting levels were recorded and discussed in the
frame of energy transfer mechanisms occurring between the active ions. As a result, we found
that the site symmetry of the crystallographic sites on which the emitting ions are embedded
in the NPs diverges and is lowered from the ideal cubic symmetry expected for cubic ao-
NaYF,. For this reason, a Judd-Offelt calculation was done for a better understanding of the
crystallographic properties and mechanisms of transitions in the case of Eu®*.

2 - Experimental

2.1 - Materials and synthesis

Analytical grade yttrium nitrate hexahydrate (Y(NOs)3.6H,O, 99.9 %), terbium nitrate
pentahydrate (Th(NO3)3.5H,0, 99.9 %) and ytterbium nitrate pentahydrate (Yb(NO3)3.5H,0,
99.9 %) were obtained from STREM CHEMICALS. Sodium nitrate (NaNO3, 99.5 %) and
ammonium fluoride (NH4F, 95 %) were purchased from PROLAB. Ethylene glycol (EG)
(C2H20,, 99.8 %) and europium nitrate pentahydrate (Eu(NOs)3.5H,O, 99.9 %) were
respectively purchased from ACROS ORGANICS and SIGMA-ALDRICH.

All the above chemicals materials were used directly without further purification.

The o-NaYF,; nanoparticles were synthesized by a facile route, using the coprecipitation
method as illustrated in . Firstly, solution 1 was prepared by dissolving 2 mmol of
NaNO3; and 1 mmol of Y(NO3)3.6H,0 into 10 mL of EG. Meanwhile, the solution 2 was
obtained by dissolving 6 mmol of NH,F into 25 mL of EG under vigorous stirring. After that,
the solution 1 was added gradually to the solution 2 under vigorous stirring. The resulting
mixture was subsequently stirred at room temperature for different reaction times (30 min, 1
hour, 4 hours, 72 hours), and heated at different temperatures (30°C, 60°C, 100°C, 150°C) for
60 min. The final products were collected by centrifugation, washed several times with
ethanol and water, and dried at 80 °C for one night.

Eu®*, Tb*, Eu**-Yb*and Tb**-Yb*" doped a-NaYF, were synthesized following the same
procedure by using the optimal parameters of temperature and reaction time determined in the
case of undoped a-NaYF,.

2.2 — Characterization

The apparatus and the methods employed for identifying phases and analyzing their
morphologies were already described previously

The optical properties were investigated by recording the emission spectra with a Horiba-
Jobin-Yvon set-up consisting of a Xenon lamp operating at 400 W monochromatized through
Triax 180 then the emitted light was dispersed through Triax 550 and detected with the means
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of a cryogenically cold charge coupled device (CCD) camera (Symphony LN2 series) for
emission spectra.

Temporal evolution of the luminescence were carried out with a pulsed Nd:YAG OPO-Ekspla
NT342B laser (3-5 ns pulse duration, 10 Hz, 5 cm™ line width, 210-2600 nm). The emitted
photons were detected at right angle from the excitation and analyzed through Edinburgh
FLS980 spectrometer (1200 groove mm™ grating, blazed at 500 nm, minimum band-pass of
0.1 nm) equipped with Hamamatsu R928P PMT (200-870 nm)

3- Results and discussion
3.1 - Structural and morphological analyses

reports the XRD patterns of undoped and doped o-NaYF; NPs prepared at room
temperature for several times (30 min, 60 min, 1 hour, 4 hours, and 72 hours), and for 1 h at
different temperatures (30°C, 60°C, 100°C, 150°C). The results indicate that, at room
temperature ( ), the reaction time has an influence on the crystallinity of the phases
since, when the reaction time is longer than 30 min, the diffraction peaks are more intense.
Depending on the temperature ( ), the beginning of crystallization is observed for the
sample obtained at 60 °C up to 150 °C for 1 hour of synthesis duration.
The XRD patterns of Eu®" and Th*" doped a-NaYu F4 (x = 0.01, 0.05, 0.1, 0.2, 0.3)
samples, and a-NaYF, doped 10 % Eu**or 10 % Tb*", codoped with 20 % Yb** are depicted
in and
The XRD measurements indicate a relatively good crystallization of the samples, and all the
diffraction peaks are well indexed using standard patterns of a-NaYF, (space group Fm3m,
JCPDS Card No. 01-077-2042).
The calculated cell parameters are gathered in for
undoped o-NaYF, and singly doped a-NaYF; respectively with Eu** or Tb*" ions.
To confirm the evolution of the crystalline cell as a function of the doping rate, the Vegard
law has been drawn in the case of Eu®" ion doping ( ). A linear increase in the cell
volume is observed confirming the partial substitution of Y** ions (ry..= 1.03A for six-fold
coordinated) by larger Eu®* ions (rey.. = 1.09A for six-fold coordinated).
As observed at this stage, the crystallographic data indicate that the best conditions for
obtaining pure crystallized phase of undoped a-NaYF, correspond to a synthesis at 60 °C for
1 hour. To confirm these most suitable parameters to achieve a-NaYF,; NPs, transmission
electron microscopy (TEM) analyses were carried out on the same samples. The pictures
recorded from NPs synthesized at room temperature exhibit a cubic morphology whatever the
synthesis time (Fig. S2). The edge length of nanocubes lies in the range of 37 to 50 nm
depending on the synthesis duration. It is worth noticing that the mean particle size does not
change too much between 4h and 72h since all the synthesis precursors have reacted.
Then by setting the synthesis time at 1h, several temperatures were investigated to prepare the
o-NaYF4 NPs. On the basis of the TEM pictures ( ), the most homogeneous and well-
defined nanocubes were obtained at 60°C.
Thus, these conditions have been considered as the most optimized ones for synthesizing
Eu®*, Tb*, Yb**-Eu®* and Yb**-Tb* doped a-NaYF, samples.



3.2 - IR spectroscopic studies

gathers the ATR infrared spectra recorded in the range 4000-400 cm™ from ethylene
glycol, which was used as solvent, and o-NaYF,:10 % Eu®* as well as a-NaYF,:10% Tb**
synthesized at 60°C for 1 h. The interpretation of the spectra was made based on characteristic
vibrational bands of EG . According to , the CH, OH, CC, and CO vibrations
bands of EG are located in the region of 4000-500 cm™; so that they prove the existence of
hydrophilic EG molecules coordinated onto the surface of fluorides nanocubes. This peculiar
feature will have to be taken into account for further applications.

3.3 - Luminescence properties
All the measurements have been carried out at room temperature.

3.3.1 - Eu*" doped and Eu®**/Yb®* co-doped a-NaYF,

shows the emission spectra of a-NaYF,: Eu®* (1, 5, 10, 20, 30 mol. %) nanocrystals,
under 380 nm laser excitation. The emissions related to the >D; —'Fg, 1 2, and Do —'Fo, 1.2 3. 4
transitions of Eu** ions are observed. The °Dy —'Fy transition is clearly observed on all the
spectra. In addition, the intensity of the red °Dy —'F, emission is quite similar to that of the
orange one (°Dg —'F1). Such observations indicate that the local site symmetry of Eu** ions,
which substitute one part of the Y** ions, is slightly lowered from the ideal cubic one, as
commonly reported in the literature for Eu** doped a-NaYF,.
The space group of a-NaYF, could be Fm3m, and Eu®* ions substituting Y** ions would
ideally possess a crystallographic site with point-group symmetry of Oy. The site occupation
factors (SOF) and positional parameters of cubic NaYF, crystals are shown in
The Dy —'Fo, 2, + emissions should be strictly forbidden, because they are of forced electric-
dipole, and only the magnetic-dipole transition of >°Dy —'F; would be allowed
According to the branching rules and transition selection rules of the 32 point groups , the
highest site symmetry of Eu®*, distorted from Oy, is Cs or C,. The crystallographic site
symmetry decreasing from Oy to Cs or C, was also observed in cubic KLaF, and KGdF,
nanocrystals which exhibit the same crystal structure

reports the emission spectrum of a-NaYF, codoped with Eu** (10 mol. %) and Yb*" (20
mol. %) under 973 nm excitation using OPO laser. We distinctly observe several bands
centered at 590 nm, 613 nm, and 700 nm attributed to Eu®* transitions. However, the
emissions observed near 520, 540 and 650 nm correspond unambiguously to the *Hiy, —
*l1s/2, *Szi2 = *l1572 and *For, — *l1552 transitions of Er** ions.
The parasitic emission peaks related to Er** in a-NaYF, are associated with the impurities
existing in the Yb source (having up to 1500 ppm rare earth elements impurities according to
the supplier). Such observation was already reported by T. K. Pathak et al. , Which have
analyzed the UC occurring in Eu**/Yb* co-doped a-NaYF, phosphor. Since the up-
conversion connecting Yb** to Er®" is an efficient process, these results prove that the up-
conversion mechanism involving Yb** and Eu* ions has a weak efficacy but exists.
Fig. 7 reports the luminescence decays of the emissions arising from the °Dyg level of Eu**
under UV excitation at 380 nm. The shapes of the decays are independent of the monitored



*Dy—>'F; or *Dg—F, emission. For the low concentrations of Eu** ions, the decays exhibit a
rise time which corresponds to the feeding of the °Dy level due to the de-excitation from the
upper °D; level. The time constant of this build-up in the case of a-NaYF4:1%Eu** is around
~ 1 ms confirming that the non-radiative de-excitation connecting °D;—>°Dy is weak. This rise
is followed by an exponential decaying with a time constant around ~ 10-11 ms for the
concentrations above 10 % content in Eu®* ions. Beyond this concentration, the decays
become non-exponential. The time constant measured in the tail of the decays spread from ~
9.3 ms for the sample doped with 10 mol% Eu** to ~ 8 ms for the sample doped with 30 mol.
% Eu’*. These values are very high compared to that found in NPs of a-NaYF, doped with 1
mol. % Eu®* prepared by emulsion-based wet chemical method, for which the reported
lifetime for the °Dy level is of about 5.9 ms but they are similar to that found in the bulk
a-NaYF;:0.5 % Eu®* for which the measured lifetime of the °Dg level reached ~ 9 ms
Since, in the case of NPs, several defects mainly at the surface of the NPs are known to
reduce the radiative lifetime of active ions, such comparison clearly indicates that our samples
are of very good quality. In the case of Eu®*, the multiphonon relaxation rate is negligible as
there is a large energy gap of about ~ 17300 cm™ between the D, emitting level and the 'F,
ground state (the transition *D¢—'Fo lies at ~ 578 nm). Hence, lifetimes decrease by
concentration quenching is mainly due to energy transfer through cross-relaxation. In the
cross-relaxation process, an excited Eu®* ion in the °Dy level is coupled with an unexcited one
in its 'Fo ground level by means of dipolar or multipolar interaction. Thus, such interaction
promotes the unexcited Eu* ion in its first excited state of Dy level. This process competes
adversely with radiative relaxation and gives rise to the phenomenon of self-quenching
fluorescence. Therefore, the energy transfer process between the Eu* activator ions provides
an extra decay channel to change the decay curve profiles, resulting in a non-exponential
decay curve.

The luminescence decays recorded with higher Eu®* concentrations consist of an initial fast
and non-exponential stage followed by a nearly exponential one, implying that the cross-
relaxation rate is considerably higher than the rate of energy migration; accordingly, the
experimental luminescence decay curves are expected to be consistent with theoretical time
dependence predicted by the Inokuti-Hirayama (I1-H) model

3
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where t = time; 1o = lifetime for low Eu®" ion concentration; s = 6, 8, or 10 for dipole—dipole,
dipole-quadrupole, or quadrupole-quadrupole interactions, respectively; and I'(1-3/s) = 1.77,
1.43, and 1.30 for s = 6, 8, and 10 respectively. Ca is the concentration of acceptor ions.
When the energy transfer process is the cross-relaxation within a system of identical ions, the
acceptor concentration equals the total concentration of activators. Cy is the critical
concentration given by Co = 3 /(4nRo’) (R, is the critical transfer distance defined as the
separation at which the rate of energy transfer between a donor-acceptor pair is equal to the
intrinsic decay rate to™*). The donor-acceptor energy transfer parameter Cpa is related to R as
Cpa= ROSXTo-l.



When we set s = 6 [I'(1-3/6) =1.77], 1o = 11 ms (being a lifetime value for Eu** dilute
concentration sample like a-NaYg9EUo01F4), and treat Ca/Cy as an adjustable parameter, the
best fits of Eq. (1) (see details in ; solid lines in represent the best fit of Eq. (1)) to
the experimental data are achieved, which leads us to conclude that the interaction between
Eu* ions occurs via a dipole-dipole interaction. When the energy transfer process is the cross-
relaxation within a system of identical ions, the acceptor concentration equals the total
concentration of activators. The derived and calculated values are listed in
The values of the critical radius Ry are calculated for the decay curve of each sample and are
consistent whatever the concentration (~ 3-4 A). This value is short indicating that the
interaction between two neighboring Eu®" ions becomes efficient only for very large amount
of activator ions.
Same procedure was used to analyze the luminescence decay of the °Dy excited state of Eu®*
in Yb**/Eu®* co-doped o-NaYF, samples. The Eu®* concentration was fixed at 10 %
considering that this amount is the upper limit for which the interaction between two
neighboring Eu®" ions is weak. As observed on , the decay of the emission arising from
the °Dy level diverges from a single exponential, notably at short times, in Yb**/Eu** co-doped
a-NaYF, in comparison with the same decay recorded in the singly doped a-NaYF, with 10
mol. % in Eu®". This result is consistent with an energy transfer which occurs from the °Dy
level of Eu** to Yb** neighbors. The results derived from the fitting by the I-H model are
gathered in . Considering that both Eu®* and Yb®* act as acceptors or that only the
Yb*" ions are considered as acceptors, an Rq value of ~ 4 and ~ 4.5 A was obtained
respectively.
These values are quite close each other indicating that the value used for Ca has a weak
importance. However, the shape of the decay suggests that the Eu**—>Yb®" energy transfer
occurs more probably at short time.

reports the up-converted luminescence decays of the emissions peaking at 590 nm and
546 nm in Yb**/Eu®* co-doped a-NaYF, under laser excitation at 973 nm. The decays present
a rise time tr of respectively 0.2 ms and 8 us followed by exponential decaying characterized
by time constants t_ of 3.3 ms and 103 us respectively. These notable differences observed
confirm that the emission located at 590 nm corresponds to the radiative de-excitation from
the °Dy level of Eu®" while the emission peaking at 546 nm corresponds to the de-excitation of
the *Sg, excited level of Er** ions present in the sample as impurities. In the case of Eu®*, the
value of 1 is largely shorter than that of the radiative lifetime of the °Dq level under UV
excitation (~ 9ms). Such observation indicates that perhaps energy “back transfer” can
connect the Eu®" ions to Yb*" ions. Such consideration will be the subject of more convincing
argument by recording the up-converted decays versus the Eu** concentration. At this stage,
we can propose a schematic representation ( ) of the energy transfer mechanism that
may occur in Yb**/Eu** co-doped a-NaYF, samples under NIR excitation into Yb** ions.
It is well-known that Eu®* ions substitute Y** ions sites and this substitution almost does not
affect the local environment. The intensity of the *Dy—'F transition is extremely sensitive to
chemical bonds in the vicinity of Eu**, and increases with the decrease in the site symmetry of
Eu* center. On the other hand, the intensity of the >Dy—'F; transition is independent of the
surroundings of Eu**. Therefore, the asymmetry ratio (R) is widely used as a criterion of the
coordination state and the site symmetry for the RE ions. The higher the value of R is, the



lower the symmetry around the Eu®* ions and the higher the Eu-O covalence are, and vice
versa

The barycenters and the intensity ratios were determined and listed in for a-NaYF,: 1
% Eu®*. Intensities of the main emission bands were normalized and compared to the standard
reference °Do—Fy. Judd-Ofelt (J-O) intensity parameters are essential indicators in
judging radiative potential of RE ions in different hosts, which are usually derived from
absorption spectrum. Effective absorption measurement is very difficult for powdered
phosphors. However, owing to the special energy level structure of Eu**, as stated above, they
can be calculated from the emission spectra.

The asymmetry ratio R and J-O Q, parameter reveal quite similar physical significance of the
symmetric/asymmetric and covalent/ ionic bonding nature between Eu®*" ions and the
surrounding ligands. Q, is very sensitive to the environment in which Eu®" ions exist.
Therefore, the maximum value of Q, can be related to changes in the structural environment
around the Eu®* ions because of the hypersensitivity of the Dy —'F, transition. The larger Q,
parameter is a good indication that the symmetry of the Eu®" sites is distorted . On the
other hand, €y is related to the rigidity and stability of the matrix in which the rare earth ions
are located . The J-O concepts and steps for the calculation of the Q; parameters have
been reported in several papers and do not need to be repeated. For this reason, we shorten
this presentation by retaining only two equations, since they are connected to the nature of the
material [42].The transitions of Eu®* from °Dy to 'F; (J=2—4) are electric dipole allowed and
the spontaneous emission probability A from initial manifold J to terminal manifold J* is
given using the following expression:

AT = Sep +13Sup  (2)

6413 [n(n? + 2)2
3h(2]+1)[ 9 l

where n is the refractive index of the medium (n=1.432-1.438 ). v is the average transition
energy (in cm %), h is the Planck constant (6.63x10%’ J.s) and (2J + 1) is the degeneracy of the
initial state. Sgp and Syp are the electric and magnetic dipole strengths. The strength of all
induced dipole transitions can be calculated on basis of only three phenomenological J-O
parameters using the following equation:

Sen(5Dg; 7)) = e2Q (W |UO[w1)|*  (3)

where e is the elementary charge, and |(¥7|U®|®/")|” is the squared reduced matrix element

of unit tensor operator which is independent of the chemical environment of the ion. For the

case of Eu®", these values are given in ref. The derived values are reported in

In , we have reported the calculated values of J-O Q, 4 parameters.

The estimated value of radiative lifetime g, for the °Dq level, derived from J-O theory using
for a-NaYFs: 1 % Eu® is around ~ 12.5 ms and close to that experimentally measured

for this sample (~ 11 ms).
— =14 (4)
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Only few works concern the cubic form a-NaYF,:Eu®". The most important comparison deals
with the value of 5.03 for Q, parameter reported in the literature by P. Ghosh et al.

Analyzing carefully this work, we found that the asymmetry ratio is close to that we have
reported: around 1.3 in 1.2 in and 0.8 in our case. Since this ratio exhibits same
information than the Q, parameter, we suggest that our measurements are closer to the reality
than the reported values in the literature, since these values diverge notably from the
asymmetry ratio R measured on the depicted emission spectra under UV excitation: ie the
*Dy— 'F» electric dipole transition is forbidden in cubic symmetry leading to an asymmetric
ratio R expected to be lower than 1. This is clearly illustrated in the Eu®" doped a-NaYF,4 bulk
for which R is 0.6 . A possible explanation resides in the difference between the measured
radiative lifetime of the Dy level which is 9.35 ms in and 5.6 ms in while the value
in our sample is 11 ms. Another possibility concerns the value of the refractive index. As
reported in the case of nanocrystalline o-Lu,O5:Eu®* the radiative lifetime of an
electronic transition of an ion embedded in a medium (air in our case) is correlated with an
effective refractive index ne, which is a function of the intrinsic refractive index of the
material and the fraction of space occupied by the NPs surrounded by the media with

refractive index Npeq The reported results seem to indicate that both radiative
lifetime and asymmetry ratio increase when the refractive index npmeq decreases.
The obtained values for the branching ratios ( ) are very indicative and close to relative

intensities between the main emission transitions connecting the first excited state °Dy to the
manifolds ‘F; (J = 0-4) as observed in

3.3.2 - Tb* doped and Tb*/Yb®* co-doped a-NaYF,

The emission spectra of Th** doped a-NaYF, samples upon excitation at 380 nm are gathered
in for several molar concentrations in Th** ions. The emission bands centered at 489,
542, 588 and 620 nm correspond to the transitions connecting the first excited state °Dy of
Tb* ion to ’F, manifolds of its ground state (J = 6, 5, 4, 3). The °D, —'Fs transition is the
most intense as usually reported, conferring the characteristic green emission.

The transitions arising from the °Dj level are negligible compared to that issuing from the °D,
as observed in the inset of , indicating that the non-radiative de-excitation from the °D;
level is fast, probably by means of cross-relaxation mechanism, which is well established in
the case of Th** involving the quasi energy resonance between the °Ds — 'Fo 1 emission and
the ’Fg — °D, absorption (Tb*" (°Ds) + Tb*" ("Fe) » Tb** (°Dy) + Tb** ("Fo.)).

Same emission spectra are recorded for Th**/Yb*" co-doped a-NaYF4 upon excitation at 380
nm (results not shown). Upon NIR excitation in the Yb** ion at 973 nm, only the emissions
arising from the excited °Dy level are observed . A concentration of 10 % in Tb* ions
was used in our experiments since the luminescence decay of the °D, level of Tb*" ions, under
UV excitation, starts to diverge from single exponential from 20 % content in Tb*" ions. 10%
in Th** was considered as the best concentration in our studies where no interaction between
Tb* ions can occur allowing for a better understanding of the Yb** — Tb*" mechanism.
Corresponding UC mechanism is proposed and illustrated in in addition to the UV
excitation. The incident photons at 973 nm are absorbed by the Yb** ions in the %F7, ground
state and promoted in the 2Fs, excited state. Because the Th* ions do not have corresponding
energy levels in this range, after excitation of two Yb®" ions, they can simultaneously transfer
their energy to a Th*" ion lying in the’Fs ground state, which then is promoted to the excited
*D, level from which the luminescence occurs.



shows decay curves of °D, excited level of Tb*" ions in a-NaYF4: x % Tb*" (x = 1, 5,
10, 20, and 30) under 380 nm excitation and monitoring the *D,—Fs transition. A very short
rise time (tr) is observed in the case of a-NaYF,. 1 % Tb*" confirming that the non-radiative
de-excitation from the °Ds level is fast. The other decays are singly exponential with time
constants of ~ 10-11 ms for the low concentrations. A shorter time constant of about 8 ms was
recorded for 20 % Th** content and the decays become non exponential for 30 % content in
Tb*" ions with a shorter time constant around 8 ms. As discussed above in the case of Eu®*
doped a-NaYF,, we have considered that the non-exponential character of the decay is related
to the interaction occurring between the active ions Th*". For this reason, we have fitted this
decay using I-H model. Considering that the intrinsic radiative lifetime of the °D, level is ~11
ms, the parameters derived from the fit are gathered in
The critical distance Ry and energy transfer microparameter Cpa are the same than that
obtained for Eu*. This observation is not surprising since the part of the exchange interaction
is quite similar in the wave function of both °D4:Th** and *Do:Eu** ions [49]. This means that
the situation is not essentially different for Th** than for Eu®*, except that the °D, and 'Fg
levels are connected by an optical transition with higher absorption strength than the ‘Fg and
®Dy levels in the case of Eu®*. The quenching of Th*" emission in singly doped a-NaYF; only
reduces the luminescence lifetime by ~50% in heavily (30 %) doped sample (estimation made
by fitting the °D, emission decay for this sample by bi-exponential function and using the
time average determination as described in ). Same observation concerns the emission of
Eu* in singly doped a-NaYF,.
The decays of the °Dy level of Th** in Th**/Yb*" co-doped a-NaYF, under UV excitation at
380 nm or NIR excitation at 973 nm are reported in . Under UV excitation the decay is
exponential with a time constant of 7 ms. This value is lower than that found in singly doped
10 % Tb**: a-NaYF, for which the measured lifetime is about 9 ms. Such decrease is
connected to the presence of Yb®" ions indicating that a Tb* —Yb** energy transfer occurs.
Under NIR excitation, the decay slightly diverges from single exponential, but remains
relatively long with time constant in the tail of 6.5 ms which is close to that found in
Tb*/Yb** doped a-NaYF, under UV excitation. Surprisingly, no rise time was recorded for
this decay indicating that the UC mechanism is fast and the Yb**—Tb** energy transfer
occurs mostly during the laser pulse. However, we have fitted this decay using I-H model.
The derived parameters using to = 11 ms assuming that the concentration of ions acting as
acceptor are only Tb*" or Tb*" in addition to Yb** are gathered in . Considering all
the I-H fittings reported above, the critical distance Rq remains always around 4 A.
In order to determine the UC dynamics of Yb**/ Tb*" co-doped NaYF, nanocrystals, the
power dependence of the UC luminescence have also been measured under NIR-CW
excitation and shown in . The NIR power of the OPO laser did not allow checking the
evolution of the luminescence decays versus the pump power. The photon processes involved
can be achieved, according to the relation, I~P™, where I is the measured UC intensity, P is
the incident pump power, and n is the number of pump photons that are required for
populating the upper emitting state . The quadratic dependences illustrate that the green
emission at 542 nm needs two-photon UC process. Same result was already reported for the
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UC mechanism in Yb**/Tb**-codoped o-NaYF, nanocrystals synthesized by hydrothermal
process

Conclusion

In summary, a-NaYF, nanocubes, undoped, singly Eu** or Tb*" doped as well as Eu**/Yb**
and Tb**/Yb*" co-doped were synthesized at 60°C during 1h by a facile route based on
coprecipitation method in ethylene glycol. XRD analysis showed that all the products exhibit
a-cubic NaYF, phase. The TEM images evidenced that the mean edge length of nanocubes
(NCs) was 50 nm with small size dispersion. Under UV and NIR excitations, the
luminescence spectra of singly doped samples showed the characteristics emission of Eu** or
Tb* ions. Using the special character of Eu** as crystallographic local probe, we have
discussed the Judd-Ofelt parameters calculated from the emission spectra of Eu®*" singly
doped a-NaYF,. The results indicate that the deformation of the crystallite sites is weak and
the spectral distribution is close to that found in the bulk single crystal with pure cubic
structure. Notably, the Q, parameter derived from our measurement is not so far from the
asymmetry ratio R,.; compared to the reported values in the literature for Eu®" activated a-
NaYF, nanoparticles. Decay curves of Eu** and Tb*" in singly doped or Yb** co-doped NCs
were analyzed under UV and NIR excitations. For both singly or co-doped samples, the
decays are mainly exponential and diverge from the exponential when the concentration of
active ions such as Eu** or Th** is high or when the Yb** ion is added in the matrices. In that
case, the decays are well fitted using Inokuti-Hirayama model for dipole-dipole interaction,
for which the critical distance was found to be around 4~5 A suggesting a dipolar interaction
occurring at very short distance. Under NIR excitation, the kinetics decay time and pump
power dependence analyses show that two Yb®* ions can simultaneously transfer their energy
to the first excited levels °Dy for Eu** and °D, for Tb** from which two-photon emission
occurs. The efficiency of such up-conversion process is acceptable in the case Yb**/Tb*" pair
while it is not in the case for Yb**/Eu®* pair for which green and red luminescence are
recorded because of the presence of Er** impurity.
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Fig. 1. Schematic diagram describing the synthesis process of a-NaYF, nanoparticles.

Solution 1
Precipitate
- \
Stirring \ | Centrifugation
Heating m » Wash and dry
Nitrates  NII,F Solution 2 Products

solution 1  golution 2

17



Fig. 2. XRD patterns of a-NaYF, NPs (a) synthesized at room temperature for different reaction time,
(b) synthesized at 30°C, 60°C, 100°C, and 150°C for 1 hour, (c) XRD patterns of Tb*" doped o-
NaYF, NPs synthesized at 60°C for 1 h, and co-doped with 20 % Yb* / 10 % Tb*" and (d) XRD
patterns of Eu®* doped a-NaYF, NPs synthesized at 60°C for 1 h, and co-doped with 20 % Yb**/ 10 %
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Fig. 3. TEM of a-NaYF, for one hour of reaction time at different temperatures: (a) 60°C, (b) 100°C,
(c) 150°C and corresponding particles size distribution.
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Fig. 4. Infrared spectra of EG, a-NaYF,: 10 % Eu®, and o-NaYF,: 10 % Tb* samples.

—— Ethylene Glycol g
- - a-NaY ,Eu,,F,

Intensity (a. u.)

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 . 1500 1000 500
wavenumber (cm™)

20



Fig. 5. Emission spectra of a-NaYF, doped (1, 5, 10, 20, 30) % Eu®" under UV excitation at 380 nm.
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Fig. 6. Emission spectra of a-NaYF, co-doped 10% Eu®*/ 20 % Yb*" under 973nm excitation.
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Fig. 7. Experimental emission decays (Aexe = 380 nm, Ay = 590 nm) of the D, level of EU* in a-
NaYF,: x % Eu* (x =1, 5, 10, 20, 30). Solid lines represent fitting decays plotted using bi-exponential
function (one in the rise and the other in the tail of the decays) for lower dopant concentration samples

and using the 1-H model for higher dopant concentration samples.
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Fig. 8. Experimental emission decays (Aexe = 380 nm, A = 590 nm) of the D, level of EU* in a-
NaYF,: 10 % Eu® / 20 % Yb* and of Eu* in a-NaYF, : 10 % Eu®* For comparison. Solid lines
represent fitting decay derived using the I-H model.

" = o-NaYF,:10% Eu™
; e o-NaYF,:10% Eu’/20% Yb™"
> 10¢ )= 380 NM
% %, =590 nm
3 10°, T=300K
3
=07
210
O 4
_I -
10"
10° L : : |
0 20 _ 100

24



Fig. 9. Experimental up-converted emission decays of both Eu®** : °Dy (Aem = 590 nm) and Er** : “S,,
(Aem = 546 nm) excited levels in a-NaYF, doped 10 % Eu® /20 % Yb** under laser excitation at 973

nm. Solid lines represent fitting decay derived using bi-exponential function.
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Fig. 10. Energy level diagram of the Eu**and Yb**ions as well as the proposed UC mechanism in

a-NaYF,: Ei*'/Yb*.
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Fig. 11. Emission spectra of (1, 5, 10, 20, 30) % Th** doped a-NaYF, under UV excitation at 380 nm.

The inset shows the magnification of emission arising from the °D; level of Th*".
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Fig. 12. Emission spectrum of 10%Tb*/20%Yb*" co-doped a-NaYF, under excitation at 973nm.
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Fig. 13. Energy level diagram of Yb*/Tb* co-doped a-NaYF, as well as the proposed UC

mechanism.
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Fig. 14. Decay curves of the °D, excited level of Th*" in a-NaYF, doped Th** under UV excitation at
380 nm. Solid lines represent fitting decays derived using non-exponential function (one in the rise
and other in the tail of the decays) for lower dopant concentration samples, and using the 1-H model
for 30 % dopant concentration sample.
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Fig. 15. Decay curves of the °D, —'Fs transition of Tb** in 10 % Th**/ 20 % Yb** co-doped a-NaYF,
under IR and UV excitation. Solid lines represent fitting decay derived using exponential function for

UV excitation, and using the I-H model for NIR excitation.
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Table 1. Symmetry classes of the normal vibrations of ethylene glycol Vs frequencies.

Vibrations Frequencies (cm™)
OH stretching s 3330

CH stretching s [2937-2878]

CH, scissoring 1450

OH bending and CH, wagging m [1410-1315]

CH, twisting w [1200-1254]

CO stretching vs 1094

CC stretching vs 1046

CH, rocking s [887-866]

OH torsion vs 650

Table 2. Positional parameters and site occupation factors (SOF) of cubic a-NaYF, crystals.

Phase Atom Site x/a y/b zlc SOF

Cubic Y 4a 0 0 0 0.5

(Fm-3m) Na 4a 0 0 0 0.5
F 8c 0.25 0.25 0.25 1

Table 3. The experimental values of CA/C,, critical concentration (C,), energy transfer microparameter
(Cpa), and critical distance (R,) obtained from 1-H model.

Sample CuA/Cy Ca Co Cba Ro
(10%%ions/cm®)  (10%ions/em®)  (10*cm®s™h)  (A)
a-NaYF,[10% Eu®] 0.2 12.1 71 9.8 3.2
o-NaYF,[20% Eu®] 0.3 24 85 6.6 3
o-NaYF,[30% Eu®] 0.8 36 46 23.3 3.7
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Table 4. The experimental values of CA/C,, critical concentration (C,), energy transfer
microparameter (Cp,), and critical distance (Ro) obtained from I-H model.

Sample CA/Cq Ca Co Cba Ro
(10”ions/cm®) (10%%ions/cm®)  (10*cm®s™) (A

a-NaYF,: [10% 0.9 36 40 32 3.9
Eu®*/20%Yb*
a-NaYF,: [10% 0.9 24 27 75.5 45
Eu®*/20%Yb*]

Table 5. Integrated intensity ratios in o-NaYF,: 1% Eu** compounds (The notation In/I1 refers to the
intensity ratios *Dy—'F/°"Do—'F; where n= (0, 2, 3, 4).

Item Barycenter (cm™) Intensity Ratio
°Do —'F, (10) 17301

"Dy —»'F1 (11) 16891.9 10/11=0.01

"Dy »'F2(12) 16313.2 12/11=0.8 (R)
"Dy —»'F5(13) 15384.6 13/11=0.03

"Dy —'F4 (14) 14306.2 14/11=0.22

Table 6 . Sgp: The strength of an electrical dipole, Syp: The strength of an magnetic dipole A (J, J’):
Probabilities of each spontaneous emission (radiative rates).

Transition Aom  Sep Svb A(J)
10—65C2m2 10-65C2m2 S—l
*Dy—'F, 590 10.44 35.23
*Dy—'F, 613  9.83 26.32
*Dy—'F4 700  3.06 5.50
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Table 7. Comparison of the J-O parameters for the °Dy —'F, (2,) and °Dy —F,4 (2,) transitions of
Eu® in similar materials.

This work [45] [46]
Q, x1072%cm? 1.2 5.03 6.13
Q, x1072%¢m?  0.52 5.88

Table 8. Calculated branching ratios of a-NaYF,: 1%Eu®".

B(O—-0) PB(O->1) B(O—-2) P03 B (0—4)
o-NaYF,: 1%Eu®™  0.006 0.48 0.39 0.02 0.1

Table 9. The experimental values of Ca/Cy, critical concentration (C,), energy transfer microparameter
(Cpa), and critical distance (R,) obtained from 1-H model.

Sample CA/CO CA Co CD/_\ Ro (A)
(10%ions/cm®) (10%ions/cm®)  (10*cm°s™)
o-NaYF,: [30%Tb™] 08 36 46 233 37

Table 10. The experimental values of Ca/Cy, critical concentration (C,), energy transfer
microparameter (Cp,), and critical distance (Ro) obtained from I-H model.

Sample Ca/Cq Ca Co Coa Ro (A)
(10”ions/cm®) (10®ions/cm®)  (10*cm®s™)
o-NaYF,: 0.7 36 54 16.7 3.5

[10%Tb**/20%Yb*]

o-NaYF,: 0.7 24 36 52.3 4.1
[10%Tb*/20%Yb*]
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