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ABSTRACT: The monochromaticity improvement of green
upconversion (UC) in Lu,O5:Yb*/Ho®* powders has been
successfully realized by tridoping Eu®*. The integral area ratio
of green emission to red emission of Ho®" increases 4.3 times
with increasing Eu®>" doping concentration from 0 to 20 mol %.
The energy transfer (ET) mechanism in the Yb**/Ho®"/Eu’*
tridoping system has been investigated carefully by visible and
near-infrared (NIR) emission spectra along with the decay
curves, revealing the existence of ET from the Ho®* °F,/°S,
level tothe Eu®** °D, level and ET from the Ho>" 3I; level to the
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Eu’" "F¢ level. In addition, the population routes of the red-emitting Ho®" °F level in the Yb**/Ho>" codoped system under 980

nm wavelength excitation have also been explored. The ET process from the Yb** °F; ), level to the Ho

3 °1, level and the cross-

relaxation process between two nearby Ho®" ions in the °F,/°S, level and °I, level, respectively, have been demonstrated to be the
dominant approaches for populating the Ho** “F; level. The multiphonon relaxation process originating from the Ho** °F,/*S,
level is useless to populate the Ho®" °Fj level. As the energy level gap between the Ho* °I, level and Ho®* °I; level matches well
with that between Eu®" "F, level and Eu®* "F, level, the energy of the Ho®" °L, level can be easily transferred to the Eu®* "Fg level
by an approximate resonant ET process, resulting in a serious decrease in the red UC emission intensity. Since this ET process is
more efficient than the ET from the Ho>* °F,/°S, level to the Eu®* *Dj level as well as the ET from the Ho>* °I; level to the Eu**
"F¢ level, the integral area ratio of green emission to red emission of Ho®>" has been improved significantly.

B INTRODUCTION

Today, luminescent materials doped with combinations of
trivalent rare earth ions, such as Yb**/Er*, Yb*/Ho*, and
Yb**/Tm?, have raised concern about their UC properties,
which can emit ultraviolet (UV) or visible photons under the
excitation of NIR light.' ™ In contrast with the conventional
downconversion materials, such as organic dyes and quantum
dots (QDs), UC materials own large anti-Stokes shift narrow
emission, long luminescence lifetime, outstanding photo-
stability, and low background noise.*”” More importantly,
previous research has provided evidence that the UC materials
with appropriate surface modification are less toxic to cells and
tissues than those of organic dyes and QDs.” The unique
physicochemical properties and inherent optical properties
make them suitable for applications in fields such as photonics,
phogtoxﬁ)ltaics, 3-D displays, optical encoding, and bioimag-
ing.

Nevertheless, the abundant metastable states of rare earth
ions usually give rise to multicolor emission bands simulta-
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neously under NIR excitation, which seriously hinders the
utilization of UC phosphors in relevant areas: for instance, the
quantitative imaging of cells and tissues labeled with multiple
UC probes."”” Up to now, great efforts have been given to the
development of high chromatic purity UC emission. As
examples, Hao et al. have obtained large red emission to
green emission ratio along with remarkable UC enhancement
in a-NaYF,:Yb**/Er’* through transition metal ion Mn>"
tridoping and Zhang and his group improved the green UC
emission monochromaticity of Ho* in Y,0;:Yb*/Ho** by
doping trivalent rare earth ions Eu*"."”'* From these, it can be
seen that utilizing ET processes to selectively populate specific
energy levels of activators through rare earth ion or transition
metal ion tridoping is a feasible approach to improve the UC
monochromaticity.
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Of a variety of UC materials, f-NaYF, and f-NaLuF, are
acknowledged as the most two efficient matrixes."”~"’
Benefiting from their low photon energy (~360 cm™'), the
nonradiative relaxation phenomena can be dramatically reduced
during the ET processes, which results in high UC quantum
yields. However, the applications of fluoride UC materials are
restricted by some disadvantages, such as poor chemical
stability, complex synthetic processes, certain toxicity to
human bodies, and so on. In comparison to fluoride materials,
oxide materials possess extreme physicochemical stability and a
simple synthetic process.'® For the past few years, a great
number of studies have been dedicated to exploit effective UC
oxide hosts.'”~*' Among the various UC oxide hosts, Y,0; has
long been considered as the representative oxide UC matrix
with highly efficient UC emission.”” Nevertheless, Zhang et al.
and Capobianco et al. have demonstrated that the trivalent rare
earth ion doped Lu,O; phosphors show stronger UC intensity
in comparison to that found in Y,0; phosphors, respectively,
resulting from the unique electronic state at the top of the
valence of lutetium.”>”* Similar conclusions have also been
verified between -NaYF, and f-NaLuF, and between YF; and
LuF,.*>*® So far, however, there have not been very many
explorations concerning the UC properties in the Lu,O; host,
especially the UC monochromaticity improvement.

In the present work, the green UC monochromaticity
improvement has been realized by Eu** doping in Lu,05:Yb*"/
Ho®" phosphors. As Eu** doping concentration increases from
0 to 20 mol %, the integral area ratio of green emission to red
emission of Ho®" increases 4.3-fold. On the basis of an analysis
of the steady state fluorescence spectra and the decay curves,
the ET mechanisms in the Yb**/Ho>*/Eu®* tridoping system
have been explored in detail. Meanwhile, the population routes
of the red-emitting Ho*" °F; level in a Yb**/Ho®" codoped
system under 980 nm wavelength excitation have been
investigated. The results show that the main approaches for
populating the Ho®" *Fj level are the ET process from the Yb**
*F;,, level to Ho® 5L, level and the cross-relaxation process
between two nearby Ho® ions in the SF,/°S, level and I, level,
respectively. In addition, the reason for the green UC
monochromaticity improvement has also been discussed.

B EXPERIMENTAL SECTION

Chemicals. SpecPure grade rare earth oxides (Lu,O; Yb,O;,
Ho,0;, Eu,05, 99.99%), supplied by Yangkou state-run rare earth
company, were employed as the raw materials without further
purification.

Synthesis of Lu,05:20 mol % Yb3*/1 mol % Ho3**/x mol %
Eu** (x=0, 1,5, 10, 20). A conventional high-temperature solid state
method was used to prepare the Lu,0;:20 mol % Yb**/1 mol % Ho**/
x mol % Eu®** powder samples. First, the raw materials Lu,O4
(99.99%), Yb,05 (99.99%), Ho,0; (99.99%), and Eu,O5 (99.99%)
were comibned in an agate mortar and then mixed homogeneously for
1.5 h. Finally, the powders were placed in an alumina crucible with a
lid and sintered in a box furnace at 1550 °C for S h in air.

Characterization. Powder X-ray diffraction (XRD) data were
collected by Cu Ka radiation (4 = 1.54056 A) on a Bruker D8 advance
diffractometer. The visible and NIR spectra were detected using a
FLS920 spectrometer purchased from Edinburgh Instruments. A
Tektronix digital oscilloscope (TDS 3052) equipped with an optical
parametric oscillator (OPO) as the excitation source was employed to
measure the decay curves. The lifetime value of each decay curve was
obtained by integrating the area under the corresponding normalized
lifetime curve.
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B RESULTS AND DISCUSSION

Structure. Figure 1 shows the XRD patterns of
Lu203:Yb3+/ Ho**/Eu®* powders as a function of Eu* doping
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Figure 1. XRD patterns of Lu,O,:Yb*/Ho*/Eu* powders as a
function of Eu** doping concentration with the standard XRD data of
cubic Lu,O;.

concentration. The main features of the diffraction peaks,
including positions and relative intensity, possess the character-
istics of cubic Lu,0O;, corresponding to the standard card
JCPDS 43-1021. Moreover, no other phase is detected with
increasing Eu®* concentration in the XRD patterns, demon-
strating a high concentration of Eu** dopant has no effect on
the crystal formation and transition. However, as the Eu®t
doping concentration increases, the diffraction peaks shift
slightly to low angles, implying the expansion of lattice
constants and unit-cell volumes, which arises from the
substitution of the larger Eu®* (1.206 A) for the smaller Lu**
(1.117 A). Table 1 shows the lattice constants and unit-cell
volumes of the samples with different Eu®" concentrations,
which are calculated from the XRD data.

Table 1. Lattice Constants and Unit-Cell Volumes of
Lu,0,:Yb**/Ho**/Eu®* Powders as a Function of Eu**
Doping Concentration

concn of Eu®* (%) a (A) cell volume (A%)
0 10.4040 1126.16
1 10.4075 1127.30
S 10.4224 1132.15
10 10.4375 1137.08
20 10.4503 1141.26

Luminescence Properties. The UC spectra of the samples
doped with different Eu®* contents excited by 980 nm
wavelength at low-output power density are measured and
depicted in Figure 2. The spectra are all normalized to the
maximum intensity of the SF,/°S, — °I; transition. For the
product without Eu®* content, the UC spectrum includes two
distinct emission bands in the range of 500—700 nm. The green
emission band located at 550 nm belongs to the °F,/°S, — °Ig
transition of Ho®', and the red emission band peak at around
670 nm is attributed to the F; — I, transition of Ho>*. A weak
emission peak located at 611 nm appears in the as-prepared
samples doped with Eu’*, which is assigned to the Dy — F,
transition of Eu®". Although the UC intensity of the as-prepared
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Figure 2. Normalized UC spectra of Lu,05:Yb**/Ho**/Eu®" powders
with different Eu’* concentrations under 980 nm wavelength
excitation at low-output power density.

samples is reduced with an increase in Eu** content (see Figure
S1 in the Supporting Information), the integral area ratio of the
’F,/*S, — °I, transition (integrating from 525 to 575 nm) to
the SF; — Sl transition (integrating from 625 to 675 nm) of
Ho’' increases 4.3 times, as shown in Figure 3, which means
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Figure 3. Integral area ratio of the °F,/*S, — °I; transition to the °F
— I, transition of Ho** in Lu,05:Yb**/Ho**/Eu’* powders as a
function of Eu** doping concentration.

that the monochromaticity of the green UC emission of the
powders is improved remarkably by Eu’* doping. The
Commission on Illumination (CIE) chromaticity diagram of
the samples is presented in Figure S2 in the Supporting
Information.

In order to explore the ET mechanism in the Yb**/Ho*/
Eu® tridoped system, the decay curves of the Ho®" F,/°S,
level under 980 nm wavelength excitation were measured first.
As shown in Figure 4, the increased Eu’* doping concentration
accelerates the decay of the °F,/°S, level dramatically,
demonstrating that the Eu** doping provides an extra decay
pathway for the Ho®* °F, /S, level: ET from the °F,/°S, level of
Ho®" to the *Dj, level of Eu®*. Moreover, this phenomenon can
also be strongly supported by the occurrence of a D, — 'F,
transition of Eu* in Yb*'/Ho’*/Eu’" tridoped products.
However, it is important to point out that, although the ET
from the °F,/%S, level of Ho* to the 5D, level of Eu® is
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Figure 4. Decay curves of the Ho® °F,/°S, level under 980 nm
wavelength excitation in Lu,05:Yb* /Ho™>* /Eu®* powders.

effective, the emission intensity of the D, — ’F, transition is
very weak, which is due to the low quenching concentration of
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Figure 5. °D, — "F, transition of Eu’" under 980 nm wavelength
excitation in Lu203:Yb3+/ Ho®**/Eu®* powders.

Eu*". As can be seen clearly from Figure 5, the intensity of the
Dy — F, transition gradually weakens with an increase in Eu**
concentration from 1 to 20 mol %, signifying that 1 mol % is
the optimal Eu** doping concentration in this case.

Next, the NIR spectra of the *I; — °I; transition of Ho®*
under 980 nm wavelength excitation were detected and are
presented in Figure 6. The emission intensity of the *I; — °I,
transition is reduced with an increase in Eu’* doping
concentration, demonstrating the existence of an ET process
from the I level of Ho®" to Eu®". In order to further validate
this phenomenon, the decay curves of the *I; — °I  transition
of Ho®" under 980 nm wavelength excitation were also detected
and are shown in Figure 7. Likewise, the decay times of the I,
— I, transition are decreased from 419.1 to 62.6 us with an
increase in the Eu’* doping concentration, which is further
evidence for the ET process from the I level of Ho** to Eu*".
On the basis of the above analysis and a combination of the
energy level positions of Ho* and Eu*, we propose that the
ET process is from the °I; level of Ho*" to the "Fg level of
Eu**.”’ In addition, except for the decay curve of the Eu®*
undoped sample, all of the decay curves display nonexponential
characteristics, resulting from the various ET rates from the I
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Figure 6. NIR spectra of Lu,O5:Yb**/Ho®*/Eu** powders with
different Eu** concentrations under 980 nm wavelength excitation.
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Figure 7. Decay curves of the Ho®" I level under 980 nm wavelength

excitation in Lu,05:Yb*/Ho*>"/Eu®* powders.

level of Ho* to the "Fg4 level of Eu’* caused by nonuniform
distribution of Eu®* around the Ho*.”®

In the Yb** and Ho* codoped system, under 980 nm
wavelength excitation at low-output power density, the *F,/°S,
level of Ho®* which produces green emission is mainly
populated by the ET process from the Yb*" *F ), level to the
Ho®" °I4 level. That is to say, the Eu’* doping not only gives rise
to the diminishment of the population of the °F,/°S, level
directly but also results in the decrease in the population of the
intermediate *I level. Nevertheless, the integral area ratio of the
SF,/®S, — Sl transition to the SF¢ — I, transition of Ho*
increases obviously, certifying that the Eu®* doping has more
influence on the “F5 — °I; transition. Before this phenomenon
can be explained, it is necessary to carefully analyze the
population route of the °F; level.

In general, as shown in Figure 8, on excitation by 980 nm
wavelength with low-output power density, the considered
dominant routes for populating the Ho®* F; level in the Yb**/
Ho" codoped system include an ET process from the Yb*"
*F,, level to the Ho" °I, level and a multiphonon relaxation
(MPR) process from the upper level Ho** °F,/3S,. Actually, the
Ho®" °F; state can also be populated through a cross-relaxation
(CR) process between two Ho®" ions: °F,/°S, + I, — °F +
S, which has been proposed earlier.”” In the following
paragraphs, the decay curves and luminescence spectra of the
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related energy levels are utilized to prove the existence of this
CR process.
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Figure 9. Decay curves of the’F,/’S, level and the °F; level of Ho®*
and the *Fg), level of Yb** under 980 nm wavelength excitation in
Lu,05:Yb**/Ho* powders.

Figure 9 shows the decay curves of the °F,/°S, level and the
5F; level of Ho’" and the *Fs, level of Yb*" under 980 nm
wavelength excitation in Lu,05:Yb*" /Ho>" powders. The decay
time of the Ho®" F; level is between that of the Ho®" °F,/°S,
level and the Yb®* *F;,, level, which indicates that the
population of the Ho*" °F; level originates not only from the
ET process from the Yb** *F;), level to the Ho®" °I, level but
also from the contribution of the Ho®" °F,/°S, level. This can
be explained as follows. First, assuming that the population of
the Ho®" °F; level is mainly contributed by the ET from the
lower intermediate Ho®* °I, level, then the decay time of the
Ho®" F; level should be determined by the decay time of the
Ho®" °L, level and the Yb** *F , level simultaneously. However,
it is worth noting that the decay time of the Ho*" °I, level is
much longer than that of the Yb*" *F , level. Therefore, under
this hypothesis, the decay time of the Ho®" “F; level should be
close to the decay time of the Yb** F;, level. Second, if the
contribution of Ho>* 5F4/ 5S,, including the MPR process and
CR process is the main approach for populating Ho** “F; level,
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then as for the MPR process the decay time of the Ho*" °F;
level should be close to the decay time of the Ho>**F,/*S, level;
for the CR process between two Ho®" ions in the °F,/°S, level
and °I, level, respectively, the decay time of the Ho" °Fj level
should be determined by the decay time of the Ho** °F,/S,
level and Ho®* °I, level simultaneously. Considering the
extremely long decay time of the Ho*" °I, level, the decay
time of the Ho®" °F level should be close to the decay time of
the Ho* °F,/3S, level in this case. In summary, assuming the
contribution of the Ho®* 5F4/ 5S, level is dominant for
populating the Ho>" °F; level, the decay time of the Ho®" °F;
level should be close to the decay time of the Ho***F,/°S, level.
According to the analysis above with a combination of the test
data, it can be proposed that both the ET process from the Yb**
*F,, level to the Ho °L, level and the contribution of the Ho®"
5F,/°S, level contribute to the population of the Ho®* °F; level.

As mentioned above, the precondition for the occurrence of
a CR process is to obtain the excited Ho®" in the °I, level.
Meanwhile, it is well-known that, on excitation by 980 nm
wavelength in the Yb**/Ho® codoped system, the main
approach to populate the Ho®* °L, level is through an ET
process from the Yb*" *F , level to the Ho®" °I; level followed
by a nonradiative relaxation process. Therefore, in order to
separately explore the MPR process from the Ho®" °F, /S, level
to the Ho®" °F; level, the Ho®" singly doped Lu,O; powders
were synthesized and the PL spectrum was detected. In PL
spectrum measurement, 446 nm wavelength is chosen as the
excitation wavelength to excite the Ho* 3Gy/°F; state, from
which the Ho®" °F,/°S, state can be populated by a
nonradiative relaxation process. In such a situation, the Ho*
5L, state is unable to be populated effectively and then the
influence of a CR process can be eliminated. That is to say, the
MPR process is the only way to populate the Ho*" °F; level.
However, as can be seen from Figure 10, the red emission peak
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Figure 10. Photoluminescence (PL) spectrum of Lu,05:Ho>* powders
excited by 446 nm wavelength.

of the Ho®" ’Fg — I transition disappears, demonstrating that
the MPR process is inefficient for populating the Ho** °F level.
Considering that the multiphonon relaxation rate cannot be
affected by changing the excitation wavelength, we propose
that, under 980 nm wavelength excitation, the contribution of
the Ho** °F,/°S, level for populating the Ho®" *F level mainly
comes from a CR process.
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On the basis of the analysis above, it can be concluded that,
upon 980 nm wavelength excitation, the population of the Ho**
5F; level in the Yb**/Ho*" codoped system is mainly through
an ET process from the Yb*" *F;, level to the Ho®" °I, level
and a CR process between two Ho®" ions in the °F,/°S, level
and °I, level, respectively. Interestingly, the Ho*" °I, level
participates in both of the two processes as the intermediate
level. In the Yb**/Ho®*/Eu®" tridoped system, the energy level
gap between the Ho* °I, level and the Ho*>"I; level matches
well with that between the Eu®" "F¢ level and Eu®** "F, level.
Thus, the Ho®" in the °I, level can easily transfer its energy to
the Eu’* in the ground state, resulting in the population of the
Eu®" "Fg level and a decrease in red emission intensity. Since
this ET process is almost resonant, it is more efficient than the
ET from the Ho®" °F,/°S, level to the Eu** °D; level as well as
the ET from the Ho®" °I4 level to the Eu®* "F level, as reported
previously.”” Therefore, it is for this reason that the integral
area ratio of green emission to red emission of Ho®" increases
distinctly.

B CONCLUSIONS

In summary, the improvement of green UC emission
monochromaticity of Lu,05:Yb**/Ho®" powders has been
realized by tridoping Eu’". As the Eu®" doping concentration
is increased from 0 to 20 mol %, the integral area ratio of green
emission to red emission of Ho®" increases 4.3-fold. The steady
state fluorescence spectra and the decay curves have been
utilized to demonstrate the ET from the Ho>* SF,/3S, level to
the Eu®" °Dj level along with the ET from the Ho*" °I4 level to
the Eu* "F level. In addition, the population routes of the red-
emitting Ho®" °F; level in the Yb**/Ho®* codoped system
under 980 nm wavelength excitation have also been explored.
The results show that the main approaches for populating the
Ho®" °F; level are the ET process from the Yb** F;, level to
the Ho®* °I, level and the CR process between two nearby
Ho® ions in the °F,/°S, level and °I, level, respectively. The
MPR process originating from the Ho®* °F, /S, level is useless
to populate the Ho®" °F; level. Since there is a good match
between the Ho®" °I, level and Eu®* "F; level, the energy of the
Ho®" 51, level can be easily transferred t theo Eu®* "F level by
an approximate resonant ET process, resulting in a serious
decrease in the red UC emission intensity. Although the Eu**
doping reduces the intensity of green UC emission, an
improvement in the integral area ratio of green emission to
red emission of Ho®" has been realized, which is due to the
much higher efficiency of the ET from the Ho®" °I, level to the
Eu** "Fg level in comparison with the ET from the Ho®*
SF,/°S, level to the Eu®* °Dy level and the ET from the Ho*" ’I,
level to the Eu** "Fg level.
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