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In this work, we present the spectroscopic properties of KY3F;o nanocrystals activated with erbium and
codoped with ytterbium ions. The most important processes that lead to the erbium upconversion of
green and red emissions of Er** were identified. A time-resolved luminescence spectroscopy technique
was employed to measure the luminescence decays of 453/2 and 4F9/2 excited levels of Er** and to deter-
mine the upconversion processes and the luminescence efficiencies of erbium in the visible. Analysis of
the luminescence kinetics in Yb:Er:KY3F;o shows a rapid upconversion (Up;) for the green emission with
a time constant of 0.31 ps after pulsed laser excitation at 972 nm for as synthesized nanocrystals, which
is faster than the time constant measured for the bulk crystal (23 ps). In addition, it is observed a second
upconversion process (non-resonant) (Up,) responsible for the red emission (Er>*), which competes with
Up; process. However, the luminescence efficiency of the green emission (*Ssj) is observed to be very
low (1.6%) for the as synthesized nanocrystal (25 °C). Nevertheless, it increases with the nanopowder
heat treatment reaching an efficiency of 99% (T = 550 °C) relative to the bulk crystal. Similar lumines-
cence behavior was observed for the 4F9/2 level (Er?*) that emits red emission. X-ray diffraction analysis
of nanopowder by Rietveld method reveled that the mean crystallite size remains unchanged (8.3-
12.3 nm) after thermal treatments with T ~ 400 °C, while the 453/2 luminescence efficiency strongly
increases to 20%. The luminescence dynamics indicates that Er>* ions distribution plays a determinant
role in the luminescence efficiency of green and red emissions of Er** besides also the strong influence
on the upconversions processes. The observed luminescence effect is caused by the non-uniform Er**
(and Yb**) ions distribution due to the nanocrystal grown, which introduces a concentration gradient that
increases towards the nanoparticle surface. This concentration effect produces strong (Er x Er) cross-
relaxations depleting the excited states populations of 453/2 and 4F9/2 levels and their luminescence effi-
ciencies in KY3F;o nanocrystals. The concentration gradient is very accentuated in the as synthesized
nanocrystal and gradually decreases with the thermal treatments where the dopant ions can migrate
through the lattice towards the nanocrystal’s interior to get a more uniform and random distribution,
which is reached after heat treatment to T = 550 °C.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

nanomaterials, capable of converting near infrared (NIR) photons
to higher energy photons ranging from ultraviolet (UV) to NIR,

With the oncoming of the nanoscience and nanotechnology in
the past few decades, this new field has exerted great impact on
upconversion materials, then studies on the synthesis and proper-
ties of upconversion nanophosphors [1] have received intense
research interest due to their application as luminescent labels in
bioimaging, and as donors in energy transfer systems [2,3]. These
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allow the excitation to fall in the so-called “optical window”
(~650-1300 nm), i.e. the optimal spectral range for minimal
absorption by human tissue and negligible auto-fluorescence of
the biological background. They are thus expected to be able to sig-
nificantly improve the quality of the luminescence biomedical
imaging, labeling and therapy.

Despite this progress, the satisfactory upconversion efficiency
remains one of the main obstacles on the way to actual application.
The upconversion efficiency is only several percent in a macroscopic
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crystal under 980 nm excitation, and the highest upconversion effi-
ciency in nano-size materials so far is more than one order of mag-
nitude lower under the same excitation conditions. For example,
under 980 nm continuous excitation (CW) of 150 W cm~2 the high-
est upconversion quantum yield is reported around 0.1% for Yb®*/
Er** co-doped NaYF, core-shell nanoparticles of 30 nm in diameter
[4]. This situation has triggered the following question raised in
Ref. [5]: what are the responsible channels/steps for the loss of
the excitation energy in the nanomaterials?

In order to obtain answers to this question, a comprehensive
study of the upconversion luminescence in Yb**/Er** co-doped
and Er** doped KYsF;o nanocrystals have been done in order to
investigated the luminescence kinetics of the main excited states
of Er®*, 4Ss,, “Fojp, which exhibit green and red emissions under
972 nm laser excitation. A time-resolved luminescence spec-
troscopy under selective pulsed laser excitations was employed
as an important technique to investigate the nature of these
processes and the luminescence efficiencies.

KYsF;o crystal is a suitable host for trivalent rare-earth ions like
Yb**, Tm>*, Er** or Ho®* ions, which can easily substitute Y>* jons in
a non-center-symmetrical site [C4, symmetry] [6,7-10]. KY3Fq is
the only compound in the KF-YF; system that melts congruently
without any phase transition. It crystallizes in the cubic fluorite-
type structure (Fm3m) with a lattice parameter a=11.553 A [10],
which constitutes an isotropic crystal. In particular, Yb(20%):Er
(0.5%):KY3Fo can be synthesized as nanocrystals able to efficiently
emit at 542 nm (and 667 nm) when excited at 972 nm due to its
relatively low phonon energy (cut off ~ 500 cm™!) that is an
important point in avoiding energy loss by non-radiative relax-
ation involving the *Ssj, excited level of Er** [11-13].

In this paper, nanocrystals of Yb:Er:KYsF;¢ sizing 8.3 nm were
synthesized by co-precipitation method in aqueous solution. The
multiple processes of energy transfer that occurs when this mate-
rial is excited around 972 nm were inspected and the transfer time
constants were determined. The upconversion luminescence tran-
sients at 542 nm and 667 nm, respectively from the 453/2 and 4F9/2
excited states of Er** were measured for Yb(20 mol.%):Er(0.5 mol.
%):KY3F;o nanocrystals excited by pulsed laser excitation at
972 nm. The luminescence efficiencies of “S;, and “Foj, excited
states were measured and the dependence on the thermal treat-
ment temperature and crystallite size were determined.

2. Experimental procedure

The nanopowders were obtained by the co-precipitation
method [14-16], boiling aqueous solution of potassium fluoride
(KF - Merck, 99%) was slowly added in a hot RECl3 aqueous solu-
tion (RE =Y, Yb, Er), followed by slow addition of an ammonium
bifluoride boiling aqueous solution (NH4HF, - Aldrich, 98%). Rare
earth fluorides were obtained from ReO3 (Aldrich, 99.9%) dissolved
in concentrated hydrochloric acid. After the addition of the NH4HF,
solution a white precipitate was formed, and the resulted solution
was maintained at 80 °C and stirring for 3 h. The initial molar pro-
portion was of 1 KF+(1—x) YCl;+x LnCl; +3 NH4HF,, where
Ln = Yb and Er. The nanocrystals were separated by centrifugation
and the fine powder was collected, washed with Milli-Q water sev-
eral times and dried in air in a hot plate at 40 °C for 48 h. Thermal
treatments at different temperatures were carried out at a resistive
oven for 6 h under argon flow (White Martins, 99.995%), using an
amount of the synthesized nanopowder and extracting aliquots
of it at every interest temperature, to perform the spectroscopic
studies. In addition, we performed the luminescence measure-
ments using a water solution with dispersed nanocrystals before
and after hydrothermal treatments to T = 200 °C for different treat-
ment times of 24, 36, 48 and 60 h for comparison and discussion.

Samples (nanopowders) were characterized by X-ray diffraction
(XRD) on a Panalytical XPERT diffractometer and by transmission
electronic microscopy (TEM) on a JEOL JEM 200C microscope with
accelerating voltage of 200 kV. Lattice parameters were obtained
by Rietveld refinement method using a GSAS-EXPGUI program
[17,18] and the mean crystallite diameters (d) using Rietveld or
the single line methods [19]. The mean crystallite size was esti-
mated through Rietveld refinement using the software TOPAS 4.2
[20] applying a macro that convolutes Gaussians and Lorenztians
related to the size broadening in the X-ray diffraction (XRD) profile.
Also, the instrumental contribution needs to be corrected to pro-
vide reliable results. For this, a highly crystalline sample of Y,03
was measured, refined and taken into account in the Yb:Er:
KYsFo refinements. The modified Thompson-Cox-Hastings func-
tion (TCHZ) was used to fit the profile. The mean crystallite size
here determined is the so-called volume weighted mean crystallite
size as defined by Balzar et al. [21].

The absorption spectra of all samples were measured in the
range 400-1200 nm at room temperature using a Varian Cary
5000 spectrophotometer working in the diffuse reflection mode,
where an integrating sphere was used. In the luminescence life-
time measurements, the samples were excited by pulsed laser
radiation generated by a tunable OPO-IR pumped (Rainbow from
OPOTEK, USA) by the second harmonic of a Q-switched Nd:YAG
(yttrium aluminum garnet) laser (Brilliant B from Quantel, France).
Laser pulse widths of 10 ns at 972 nm were used to directly excite
the *Fs, excited state of Yb**. Luminescence signals were analyzed
by the 0.25 m Kratos monochromator, detected by the EMI S-20 (or
S-1) PMT (response time of 10 ns) or InSb 77 K infrared detector
from Judson (response time ~ 0.5 us) or using a charge coupled
device (CCD) spectrometer coupled to the sample holder contain-
ing the nanopowder via optical fiber. Luminescence lifetime was
measured using a digital oscilloscope of 100 MS s~! model TDS
410 from TEKTRONIX interfaced to a microcomputer.

3. Experimental results

The synthesized nanopowders have shown the cubic phase
(Fm3m) of KY3F;, corresponding to the fluorite crystalline struc-
ture, however with the diffraction peaks wider due to the small
size of nanocrystals and defects as seen in Fig. 1. Nevertheless,
X-ray diffraction peaks become narrow after thermal treatment
at T=550°C due to the particles growth and increasing of crys-
tallinity (Fig. 1). The synthesized nanocrystals were approximately

Yb:ErKY,F,, as grown
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Fig. 1. X-ray diffraction pattern of Yb(20%):Er(0.5%):KYsF;o synthesized nanopow-
der before (as grown) and after thermal treatments at T =400 °C and 550 °C. A
diffraction pattern obtained for a KY3F;o bulk crystal was included for comparison.
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spherical with a mean diameter of 8.3 nm as shown by TEM pho-
tograph (Fig. 2). Despite the small mean crystal size obtained after
synthesis, Yb:Er:KYsF;¢ has well-defined crystalline phase as can
be seen in the transmission micrograph shown in Fig. 3.

Rietveld refinement of the XRD patterns considering the cubic
structure with space group Fm3m (ICSD 409643) and spherical par-
ticles yielded lattice parameter of 11.499 A for KY5F;o nanocrystals
and the mean crystallite size d (nm) before and after the Yb:Er:
KY3F;o nanopowder thermal treatments. The smaller cell parame-
ter for the Yb/Er doped nanocrystal compared to the bulk crystal
(11.553 A) is due to the codoping with Yb3* ions, which have smal-
ler ionic radii than the yttrium one. After thermal treatments, the
XRD peaks were narrowed due to particles growth and the increas-
ing of crystallinity (Fig. 1). TEM analysis confirmed the result
obtained for the synthesized particles sizes. The changes in the
mean crystallite sizes (d) after heating of the samples at diverse
temperatures are given in the following: d =8.3 nm (as grown,
25°C); d=8.1nm (T=140°C); d=8.1nm (200°C); d=9.5nm
(300°C); d=12.3nm (400°C); d=31.5nm (450°C); d=53 nm
(500 °C) and d = 85 nm (550 °C).

Optical absorption spectrum of Yb:Er doped KYsF;q bulk crystal
has two main absorptions in the near infrared centered at 960 nm
(Yb**) and 975 nm due to Er®* ions. The *I;5;, — *Hq1j2 absorption
transition of Er* in Yb:Er:KYsF;o synthesized nanocrystals (as
grown) is shown in Fig. 4. The small absorption peak at 523 nm
that is lacking for the synthesized (as grown) nanopowder appears
after the thermal treatment to T = 450 °C and it becomes more evi-
dent after T =550 °C, where the absorption structure tends to fit
the bulk crystal absorption. This indicates that crystallinity of the
nanoparticle improves with the thermal treatment at T > 450 °C,
as is shown also by the X-ray diffraction pattern (Fig. 1). Fig. 4 also
shows that the absorption intensity (integrated) of both
“Iisj2 = 2Hy1j2 and *lys;y — “S3pp transitions measured for Yb:Er:
KYsF;o synthesized (as grown) nanopowder decreases with the
thermal treatment. It was measured an absorption decrease by a
factor of 5.6 after the thermal treatment at T =450 °C compared
to the absorption intensity (integrated) of the synthesized (as
grown) nanopowder. Because the crystallite diameter remains
approximately constant (8.3 nm — 31.5nm) under thermal

20 nm

Fig. 2. TEM micrograph obtained for nanopowder Yb(20%):Er(0.5%):KY3F;o synthe-
sized (as grown).

Fig. 3. TEM micrograph obtained for nanopowder Yb(20%):Er(0.5%):KY3F; synthe-
sized (as grown) with an improved resolution. HRTEM image provides the lattice
planes of cubic KYsFo struture.
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Fig. 4. The “lis;2 — *Hiyjz and “lis; — “Ss, absorption transitions of Er** in Yb
(20%):Er(0.5%):KY3F10 synthesized nanocrystals (as grown) and for the thermally
treated samples at T =140, 200, 450, 500 and 550°C are shown. Absorption
intensity, log (1/R) was calculated using the measure data of diffuse reflectance (R)
of nanopowder.

treatments with temperatures below 500 °C, we can infer that the
absorption decrease observed in Fig. 4 is related to the Er>* ion dif-
fusion through the interior of the nanoparticle induced by the ther-
mal treatment (concentration effect). As the thermal treatment
temperature increases the Er>* ion migrates through the nanocrys-
tal lattice to minimize structure tensions, while getting a more uni-
form concentration or random ions distribution. In this case, the
absorption intensity taken from the diffuse reflectivity measure-
ment, which contains large contribution from the nanoparticle sur-
face, decreases. However, the thermal treatment at T =550 °C
promotes the nanoparticle growth and consequently the absorp-
tion increases a little as seen in Fig. 4. The dependence of the scat-
tering intensity on the wavelength (1) light was measured near the
Er** absorptions in the visible region, which showed the usual
intensity dependence over 1/2" with 4 > n > 2. However this scat-
tering intensity decreases monotonically with the wavelength
and do not introduce any modification in the Er>* absorption bands
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structure once the nanopowder is constituted by particles that
have a mean size much smaller than the wavelength light.

When Yb:Er:KYsFio bulk crystal is excited at 972 nm, green
(530-560) nm Er’** emission is observed and the upconversion
intensity (green emission) strongly increases for ytterbium con-
centration higher than 10 mol.% [22]. Best ytterbium concentra-
tion, which maximizes the blue upconversion luminescence of
Tm>* ('Gy) is ~20 mol.% for Yb:Nd:Tm doped KY-F;, crystal, where
ytterbium and neodymium ions are used as sensitizers [22]. This
luminescence effect indicates that Yb>' ions significantly con-
tribute to the population of the 453/2 excited level that emits
around 542 nm.

Fig. 5 shows the schematic energy diagram levels of Yb:Er pro-
posed for Er?* (*S3), and *Fg,) upconversions (Up; and Up,), which
will be discussed and proved to be essential for the green and red
emissions of nanocrystals taking into account the luminescence
dynamics analysis in sequence. When the Yb:Er samples are
excited at (972) nm the following processes are observed to com-
pete (Up; and Up,) to excite the green and red emissions from Er>*:

(1) ETy: Yb** (*Fsp2) + Er*" (*lisp) —» Yb** (*F72) + Er** (*ly4p2)
(resonant process)

(2) ETy: YD** (*Fsp2) + Er®* (*Lisp) —» YD (*Fyp2) + Er** (“hisp)
(non-resonant process)

(3) Upy: Yb*" (*Fsp2) + Er* (*l11j2) — YD* (*Fyp2) + Er* (*Fyp0) —
Er** (%Ss)2)

(4) Up,: YD** (4F5/2) +Er** (4113/2) - Yb** (4F7/2) +Er** (4F9/2)

(5) CRy: Er** (*S5p2) x Er** (*lisp2) = Er* (*ligp2) + Er* (*lysp)

(6) CRy: Er** (*Fop2) x Er** (*lisp2) - Er** (*lisp) + Er* (Ylysp2)

ET is used to represents the non-radiative energy transfer; Up
for the upconversion process and CR is representing the cross-
relaxation process. The upconversion process Up, is observed to
compete with the Up; process and is first proposed in this work.

The spectrum of upconversion emission of Er** involving the
S35 — iz (542 nm) and “Fgjz — *l1s;2 (667 nm) transitions is
shown in Fig. 6 for the synthesized nanopowder (as grown) and
for the thermally treated (TT) ones at T = 140, 200, 300, 450 and
550 °C, where the luminescence was excited by pulsed laser at
972nm using an excitation intensity of 2 x 10°Wcm™?
(E=5m]). The result exhibited in Fig. 6 shows that both green
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Fig. 6. Upconversion emission spectrum of Er** in Yb(20%):Er(0.5%):KY5F;o syn-
thesized nanopowder (as grown) and after thermal treatments at T = 200, 300, 400,
450, 500 and 550 °C. The luminescence transient was excited using pulse laser
excitation at 972 nm with an intensity of 2 x 105 W cm~2 per pulse (E =5 m]).

and red emissions have similar integrated intensities such as the
ratio of the green emission to red (RGR) is equal to 0.786 for
the as grown nanopowder (25 °C). However, it is seen that both
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Fig. 5. Energy levels diagram proposed for Yb:Er:KY3F;¢ nanocrystal. ET was used for representing the non-radiative energy transfer, CR was used for cross-relaxation and Up,

and Up, were used for the upconversion processes.
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Fig. 7. Upconversion luminescence integrated intensity for green emission (a)
(from 500 to 570 nm) and red emission (b) (from 620 to 700 nm) of Er** in Yb(20%):
Er(0.5%):KY5F;o synthesized nanopowder (as synthesized) and for the thermally
treated ones with treatments temperatures at T =200, 300, 400, 450, 500 and
550 °C. A pulse laser excitation intensity of 2 x 10°W cm~2 at 972 nm per pulse
was used (E =5 m)J).

emissions intensities strongly increases with the thermal treat-
ment above 400 °C. The RGR value decrease to 0.523 after the ther-
mal treatment at T = 550 °C (see Fig. 7).

The luminescence kinetic of an acceptor state that is indirectly
excited by the donor-acceptor (or D-A) energy transfer is given by
Eq. (1), which has been derived elsewhere [23] for an energy trans-
fer that includes Burshtein (or Inokuti-Hirayama, where o =0)
model for the donor decay due to a dipole-dipole interaction [24].

I(t):lo{exp<fr—ta> fexp(fl_—tdfa)tfy\ﬁ)}y (1)

where 7, is the luminescence lifetime of the acceptor (A) excited
state and 14 is the intrinsic lifetime of the donor (D) excited ion. y
is the energy transfer parameter (given in s—'/?) due to the donor
to acceptor direct transfer and o is the energy transfer parameter
(given in s™') due to the migration contribution through donor
excited level. The first term of Eq. (1) gives the luminescence decay
of the acceptor and the second gives the luminescence risetime,
which should be equal to the donor total lifetime. The risetime con-
stant was obtained by integration according to Eq. (2) for the case of
a non-exponential process.

r:/omexp<ffidfwtfy\/f>dt. 2)
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Fig. 8. Upconversion luminescence transient of 453,2 level of Er** measured at
542 nm for synthesized nanopowder (as synthesized, T=25°C) and for the
thermally treated ones at temperatures (a) T =200, 300, 400 °C and (b) T =450,
500 and 550 °C. A laser excitation intensity of 2 x 10° W cm~2 at 972 nm was used
(E=5m]). The emission intensities were normalized to one in order to visually
compare the strong differences between the curves.

For instance, if the diffusion process between donor states domi-
nates the energy transfer mechanism (or ® > y?) the donor decay
will be exponential and the acceptor risetime will be exponential.
That is the case observed of Yb** (°Fs;3) — Er** (*111;2) transfer
(Upq) in Yb:Er system observed in this work because it involves a
resonant transfer besides the high Yb3' concentration used
(20 mol.%). In this case, the acceptor luminescence fitting was per-
formed using Eq. (3) that has been used to describe the upconver-
sion kinetic [12,23-28].

I(t) :A{exp(—yﬁ—é) —exp(—é)}. 3)

The fitting parameters t; and 7y are used to describe the decay time
of 453/2 (Er®*) excited state due to a strong cross-relaxation (CR;)
effect observed in Yb:Er:KY3F;¢ nanocrystals and t;, gives the char-
acteristic time of the upconversion (Up;) process (risetime of green
emission). On the other hand, the fitting of 667 nm emission tran-
sient showed that the upconversion process appears as a decay of
the red emission and parameters t; and y are used to describe the
upconversion process Up,. In this case, t; gives the decay time con-
stant of the *Fg, excited state that includes a cross-relaxation (CR;)
process and should appears as the rise time of red emission, i.e., t; is
much shorter than the upconversion time (Up,).
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Fig. 9. Upconversion luminescence transient of “Foj, level of Er** measured at
667 nm for synthesized nanopowder (as synthesized, T=25°C) and for the
thermally treated ones at temperatures (a) T =200, 300, 400 °C and (b) T =450,
500 and 550 °C. A laser excitation intensity of 2 x 106 W cm~2 at 972 nm was used
(E=5m]J). The emission intensities were normalized to one in order to visually
compare the strong differences between the curves.

The upconversion luminescence kinetic of green (at 542 nm)
and red (at 667 nm) due to the “Ss;, and “Fo, levels emissions of
Er** were excited by laser pulse at 972 nm for Yb:Er:KYsF;o as
grown and thermally treated nanopowders at several tempera-
tures. The luminescence transients for green emission are seen in
Fig. 8. Fig. 9 shows the luminescence transients measured for the
red emission. Best fit of 542 nm and 667 nm emissions were per-
formed using I(t) expression given by Eq. (3) from where best fit-
ting parameters v, t;, t, are the derived parameters using a least
squares fit with a correlation coefficient R%. The best fitting param-
eters obtained for both luminescence transients, green and red
emissions are given in Tables 1 and 2, respectively. Table 3 shows
the measured decay time constants (lifetime) of the main lumines-
cence levels of Er* (0.5 mol.%) in KY3F;o bulk crystals.

The results presented in Tables 1 and 2 show that tyy is always
shorter then typ, and that typ, strongly depends on the thermal
treatment temperature, i.e., typz =8.2 us (25 °C) and typ, =412 ps
at T =550 °C. The decay time constant measured for the thermally
treated nanopowder at T=550°C tends to fit the luminescence
decay found for the Er(0.5%):KYsF;o bulk crystal, which has a life-
time t =418 ps for *S3j, (green emission) and t =115 ps for *Fg),
(red emission) levels decay. Using the experimental lifetimes of
4S3/, and “Fgp, levels (t; and t,) given in Tables 1 and 2 it were con-
structed Figs. 10 and 11, where Fig. 10 shows the dependence of
the time constants (t; and t,) of 453,2 level on the temperature of
thermally treated nanopowders. Fig. 11 was constructed to show

Table 1

Experimental values of the S5/, excited state decay parameters t; and y (s "2) and
the upconversion (Up;) time constant (t;) obtained from best fitting of experimental
luminescence kinetic curves using Eq. (3) obtained for Yb(20%):Er(0.5%):KY3F,o after
thermal treatments at many temperatures.

Thermal Y t; (decay of *Ssp) (11) t, (Upq) R?

treatment (s'2) (integrated)

25°C 489 73.5+£0.2 pus 0.31+0.02 pus  0.997
(11=6.7 ps)

140 °C 100 12.4+0.1 ps 0.84+0.02 us  0.996
(11=9.2 ps)

200 °C 25 40.0+0.2 ps 1.65+0.02 pus  0.998
(t1=35ps)

300 °C 0 66.9+0.6 s 2.74+0.02 ps  0.998

400 °C 0 81.8+0.8 us 7.56 +£0.02 us  0.998

450 °C 0 209.1+2 pus 16402 ps  0.999

500 °C 0 2943 +3 s 22.8+0.2pus 0.997

550 °C 0 413 £4 ps 22.6+02pus  0.998

Table 2

Experimental values of the lifetime of 4F9/2 excited state (t;) and the upconversion
(Upy) parameters t; and y (s ') obtained from best fitting of experimental
luminescence kinetic curves using Eq. (3) obtained for Yb(20%):Er(0.5%):KY5F,o after
thermal treatments at many temperatures.

Thermal v (s1?) t; (Up,) (11) t, (decay of R?

treatment (integrated) “Fo2)

25°C 389.6+3.5 47.2+09 ps 0.48 £0.02 us  0.997
(8.2 ps)

140 °C 1255+£16.5 13.1+£04pus 0.84+0.01 us  0.995
(8.9 us)

200 °C 251 92.5+0.1 pus 2.74+£0.02 s 0.998
(75 ps)

300 °C 99105 151.7£0.2 ps 6.99+£0.02 s 0.999
(136 ps)

400 °C 8.0£03 218.6+0.2 ps 245+0.1pus  0.999
(197 ps)

450 °C 7.7+03 312.8+0.4 ps 669+0.6 us  0.999
(278 ps)

500 °C 1.35+0.05 324.6+0.2 pus 85.1+03us  0.999
(318 ps)

550°C 0 411.6+0.1 ps 85.0+0.2pus  0.999
(412 ps)

Table 3

Experimental values of the lifetimes of the main luminescence levels of Er** in Er
(0.5 mol.%) doped KY3F;q crystal (bulk). Tunable pulsed laser excitation of 10 ns
(10 Hz) with E ~ 5 m] was employed to directly excite a probe level. Lifetimes (1)
were obtained from best fitting of experimental luminescence decay using an
exponential decay.

Excited level (Er*) Radiative Lifetime (Expt.) (1)° Luminescence
Lifetime  (non-radiative Efficiency (%)
(tr)? process)
“53/2 (exc. 545 nm) 590 us 418 ps ([Er] = 0.5%) 71
(emis. 550 nm) (cross-relaxation)
“Fg)2 (exc. 646 nm) 1.1 ms 115 ps (multiphonon 11
(emis. 667 nm) decay)
“I11/2 (exc. 975 nm) 5.5 ms 4.5 ms 100
(emis. 2750 nm)
4113/2 (exc. 1490 nm) 6.5 ms 14.4 ms 100

(emis. 1560 nm)

¢ Values obtained from Ref. [32].
b Lifetimes measured in this work.

also the time constants dependence on the temperature of ther-
mally treated nanopowders obtained from the luminescence tran-
sient analysis of the 4F9/2 excited level. Figs. 10(a) and 11(a) show
that the lifetimes of both 453/2 and 4F9/2 levels are very short for the
synthesized nanopowder (as grown), which are 6.68 us for 453/2
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and 0.482 us for 4Fg/2 levels (25 °C) drastically change to 413 pus
(*S3j2) and 85 ps (*Fgyz) after heat treatment to T = 550 °C.
The relative luminescence efficiencies of 453/2 and 4F9,2 levels

were calculated using the relation E; = T \where Tpano(T) repre-

Thulk

sents the measured lifetime of *S3;; and “Fg, levels of Er** for
nanopowder and Tpyy is the lifetime measured for the bulk crystal.
Figs. 10(c) and 11(c) show that both “S;/; and “Fe/, luminescence
efficiencies strongly augment with the increasing of thermal
treatment to T =550 °C.

4. Discussion

The experimental observations obtained in this work from the
luminescence kinetics measurements mentioned in the following
give strong arguments to propose a physical description of the
mechanisms that strong decreases the luminescence efficiencies
of upconversion states of Er’* in the synthesized (as grown)
nanocrystals and how this effect can be minimized by thermal
treatments in Yb:Er:KYsF;o. (1) It is observed a competition
between two upconversion processes, Up; and Up, in the synthe-
sized (as grown) nanocrystal, besides the second (Up,) be non-
resonant with mismatch energy of 2000 cm™". In fact, a very short
time constants were determined, i.e. typ; = 0.31 us for Up, process
and typz = 8.2 ps (Up,). Both time constants strongly increase with
the thermal treatment temperature increasing to 550 °C, where the
upconversion times approach to the upconversion times of the
bulk crystal. (2) It is observed a very short lifetimes of *S3j, and
“Fg)2 of Er** for the synthesized (as grown) nanocrystals due to
the E13+(453/2) X Er3+(4115/2) and Ef3+(4F9/2) X EF3+(4I15/2) Cross-
relaxations. Both lifetimes of *S3;, and “Fy), levels (Er**) strong
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Fig. 13. Calculated rates (s—') for CR; and CR, processes due (Er x Er) cross-
relaxations plotted as a function of the thermal treatment temperature (K) for the
Yb(20%):Er(0.5%):KY3F;o nanopowder. Best fittings to the experimental data were
done using Eq. (6).

increase with the increasing of thermal treatment (TT) to
T =550 °C, also approaching to the bulk crystal values.

The synthesized (as grown) nanopowder luminescence efficien-
cies are (i) 1.60% (as grown); 9.3% after TT=200°C; 20%
(T =400 °C) and 50% (T =450 °C) for the Sz, level, and (ii) 0.4%
(as grown); 2.4% after TT=200°C; 21% (T=400°C) and 58%
(T =450 °C) for the “Fy, level. These effects on the lifetimes (t; or
tp) are due to the (Er x Er) cross-relaxations, CR; and CR;, processes
(Fig. 5), which decreases the *S3j, and “Foy, intrinsic lifetimes and
consequently the luminescence efficiencies. Nevertheless, it is
observed that the mean size of nanocrystals remains constant
(8-12 nm) for thermal treatments with T < 450 °C, i. e., the crystal-
lite size grows only for higher treatment temperatures (see Fig. 12).
This result clearly shows that the mechanism responsible for the
increasing of the luminescence efficiencies of 453/2 and 4F9/2 levels
(Er**) is not dependent on the crystal size. However, this result
indicates that the luminescence efficiencies of 4S3/2 and 4F9/2 levels
enhance at expenses of the decreasing of the (Er x Er) cross-
relaxations rates produced by a thermal activated Er** migration
(or diffusion) during the nanocrystal thermal treatments with
T>100 °C.

The cross-relaxation rates of *S3; (Wcgi) and *Fopz (Wera)
excited states of Er’* can be calculated using the equation
1/Tnano = 1/Tpuik + Wer, where Tnano is the luminescence lifetime
(experimental) given in Table 1. Ty represents the total lifetime
of “S3 and “Foj, levels that includes the radiative decay, multi-
phonon decay and the cross-relaxation rates measured for Er
(0.5 mol.%) doped KY3Fo bulk crystal, which are equal to 418 pus
and 115 ps, respectively (see Table 2). Figs. 10(d) and 11(d) show
the values of W (s7!) calculated for many temperatures of
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thermal treatments for the “Ss; and “Fo, levels of Yb:Er:KYsF;o
nanopowder. In both cases, the cross-relaxation rate (s ')
decreases as the heat treatment temperature increases, which
infers that the Er®* ion distribution changes towards be more
homogeneous and random after T =550 °C. We want to use the
Wocr2 (T) rate values in the Arrhenius model (first order process)
to describe the cross-relaxation rate dependence on temperature
exhibited in Fig. 11(d) as follows:

(1) The initial Er** concentration (or ion distribution) produced
in the synthesized nanocrystal (T = 25 °C) depends exponen-
tially on time duration (t) and temperature (T) of the ther-
mal treatment as:
N(t) = Ng exp(—oact);

0 =1/Tretax; Trelax = To eXp(E/KT),

(4)

where N is the initial concentration (Er), Trelax is the relax-
ation time or the average time for the ion jump, E is the
energy barrier (or activation energy) needed for the ion jump
over the barrier, K is the Boltzmann constant, T is the temper-
ature (Kelvin), and t is the time duration of thermal treatment
at temperature T. Eq. (4) can be written also as

N(t, T) = No exp[—t/To exp(—E/KT)] ()
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Fig. 15. Plot of the experimental lifetime values obtained for the 453/2 and °Fg»
excited levels of Er** as a function of the hydrothermal treatment time (T = 200 °C).

(2) Assuming that Wy is dependent on the square of [Er**] con-
centration one can have the following function describing
the (Er x Er) cross-relaxation rate as a function of the
thermal treatment temperature (T) considering a thermal
treatment time constant (or t=c) for each treatment for
nanocrystals
Wer(T) = W, exp|—a exp(—b/T)], (6)

where Wy, a and b are the fitting parameters. Fig. 13 shows the best
fit curves to fit Wcgry (a) and Wcg, (b) versus thermal treatment
temperature (T) by using Eq. (6) giving the following fitting param-
eters: (a) Wp=1.61x10°%(1.64 x10*)s~!, a=2050 and
b=3512+122K (R?®=0.938); (b) Wp=2.33 x 10°£(1.42 x 10%)
s, a=168 and b=2172+356 K (R*>=0.996). Using that b=E/K,
where K=8.333 x 10">eV/K we have the activation energies
E;=0.28 eV probed from the 453/2 level decay and E,=0.18 eV
obtained using the 4F9/2 level decay (see Fig. 13).

Table 4

Experimental values of the 453/2 and 4F9,2 excited states lifetimes and the lumines-
cence efficiencies obtained after the hydrothermal treatment at T = 200 °C of Yb(20%):
Er(0.5%):KY3F;o nanocrystals dispersed in water solution for many treatment times.

Time (h) 4S5 “Fop
t; (ps) Ef (%) t; (11s) Ef (%)

Lifetime measured after hydrothermal treatments at T =200 °C

0 52 13 0.5 0.6
24 47 11 11.7 14
36 69 17 16.4 19
48 90 22 12.6 15
60 74 18 12.6 15

t; =413 ps for 453/2 and t; = 85 ps for 4F9/2 level, respectively for the bulk crystal.
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These measured activation energies of 0.18 and 0.28 eV gives a
mean value of 0.23 eV what represents the thermal activation
energy necessary for the Er®* ion diffusion assisted by yttrium
vacancy migration. This mean activation energy (0.23 eV) found
for Er** to restore the intrinsic luminescence efficiency in thermally
treated Yb:Er:KYsF;o nanocrystals is consistent with the activation
energy found in experiments of ionic diffusion of Ag** ions in o-
Cu,S crystals (E=0.198 eV), Li* ions in a-Agl (0.198 eV), Au® ions
in KCI (1 eV) and Pb*" ions in Pbl, crystals (1.29 eV) [29]. Recently
we have measured an activation energy equal to 0.184 eV for Nd>*
ion diffusion in Nd:KY5F;o nanocrystals using the experimental life-
time values of 4F3/2 level as a function of the thermal treatment tem-
perature and the Arrhenius model [30]. This fact indicates that the
fast crystal growth imposed by the kinetic process and the growth
tensions distribution tends to retard the impurity incorporation
(RE>"), wherefore generating the concentration gradient that affect
the dynamic of the luminescence processes as upconversion and
luminescence decay of a synthesized RE>* - doped nanocrystal. By
thermal treatments, this concentration effect will gradually dimin-
ish due to the RE** ions distribution that tends to be random as found
in the bulk crystal (after heat treatment to 550 °C).

The proposed model explains the results of [31] that reports an
improvement of the green emission efficiency of 453/2 level of Er**
in Yb:Er:NaYF, nanocrystals growth by co-precipitation in a solu-
tion kept at T=320°C for 1h, where the RGR value increased
~15 times with respect to the synthesis done at T=260 °C. At
320 °C, the ytterbium and erbium ions can diffuse thorough the
crystal lattice improving a bit more the green luminescence effi-
ciency due to the decrease of the (Er x Er) cross-relaxations, which
is strong for the as grown NaYF, nanocrystal doped with [Er**]
=2 mol.%. According to our results the luminescence efficiency of
green emission (Er’*) increases by a factor of 10 for Yb:Er:KYsFig
nanopowder after treatment to 300 °C. However, the luminescence
efficiencies of 453/2 and 4F9/2 levels will be maximized only after
treatment to T = 550 °C according to our results.

In the next we include our most recently results that shows the
luminescence efficiency improvement of the 453,2 (and 4F9,2) level
of Er** in Yb:Er:KYsF;o, synthesized nanocrystals done by
hydrothermal treatment at T =200 °C for many treatment times:
24, 36, 48 and 60 h. The upconversion luminescence transient
effects are shown in Fig. 14. The luminescence transients were fit
using Eq. (3) and the obtained lifetimes and efficiencies are listed
in Table 4. Fig. 15 shows the lifetime increase of the Sz, (a) and
4F9/2 (b) levels as a function of the duration time of the hydrother-
mal treatment. A strong luminescence efficiency increase is seen
for the main fluorescent levels (S, and “Fop,) of Er**, besides
the strong luminescence quenching observed to occur for the
two lowest levels (*1;3/; and *l;1172) of Er** due to the energy trans-
fer to OH™ ions mostly present in the nanoparticle surface.

5. Conclusions

One conclusion of this work is that the non-adiabatic and fast
growth of nanocrystals introduces a non-random (Er** and Yb®*)
ions distribution that tends to increase the dopant concentration
near the nanoparticle surface. The lifetime of 453/2 state of Er?* is
a good reference parameter to indirectly evaluate how is the Er**
ions distribution in the nanoparticle before and after thermal treat-
ments. Its because this level has a strong concentration effects due
to the (Er x Er) cross-relaxation that reduces the luminescence
efficiency and has no effects due to the presence of OH™ ions bound
in the nanoparticle surface. A similar lifetime effect was observed
for the 453/2 level of Er** using the as grown Yb:Er:KY;F;o nanocrys-
tals after hydrothermal treatment (HT) for 36 h and 48 h at
T=200°C. In this case, the as synthesized nanocrystals were

always kept dispersed in water solution before and after the
hydrothermal treatment and during the luminescence measure-
ments. After the hydrothermal treatment, the 453/2 level lifetime
increased from 5.2 ps (T =25 °C) to 69 ps and 91 s, respectively
for 36 and 48 h.

Second conclusion is that the concentration gradient existing in
the Yb:Er:KYsF;o as grown nanocrystals allowed the Up, non-
resonant process to compete with a resonant upconversion process
(Upy) exhibiting a very short upconversion time constant of 8.2 pis.
However, decreasing the lifetimes of the “Ss;, and “Fg, (Er?*)
excited states to 6.7 ps and 0.49 ps, respectively due to the strong
(Er x Er) cross-relaxations. Nevertheless, the thermal treatment at
T =550 °C can restore the luminescence efficiencies of these levels
to 99% for S5/, and 74% for “Fg, excited levels relatively to the val-
ues found for the bulk crystal, however introducing a nanoparticle
size augmentation (8.3 — 85 nm).
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