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The optical properties of Yb>" and Tm** co-doped Y,BaZnOs, synthesized by solid-state reaction,
are investigated in detail. Three main emission bands centered around 479 nm (blue), 654 nm (red),
and 796 nm (near-infrared) are observed under near-infrared laser excitation via an upconversion
process. Detailed studies of the upconversion properties as a function of dopant concentrations are
described and upconversion efficiencies quantified precisely. Maximum efficiencies of ~ 1.53% in
the 730-870 nm near-infrared emission range and of ~0.09% in the 420-530 nm blue range
are obtained. The results of power dependence studies and concentration dependent lifetime
measurements are presented. This in-depth spectroscopic study allows us, for the first time, to
identify the dominant processes involved in the upconversion mechanism of Yb**, Tm** co-doped

Y,BaZnOs oxides. © 2011 American Institute of Physics. [doi:10.1063/1.3549634]

. INTRODUCTION

The upconversion luminescence properties of rare-earth
doped materials for Yb®-sensitized upconversion have been
the focus of much research since the development, in the nine-
teen eighties, of cheap and high-powered InGaAs diode lasers
emitting at around 980 nm.'~ Most of the rare-earth upcon-
version work is focused on the investigation of halides*> and
glasses.>® In particular, heavy-metal fluoride glasses have
been extensively studied (e.g., ZBLAN'®) due to their low
phonon energy. They usually present poor chemical, thermal,
and mechanical properties that limit their applications. The
development of highly efficient and stable materials that can
upconvert at room temperature with low excitation density
thresholds is required. Oxide materials'""'? are usually very
stable chemically, mechanically, and thermally, and could
therefore be promising hosts for light upconversion applica-
tions. Tm> " is an excellent dopant candidate for upconversion
under near-infrared or visible excitation because of its favor-
able intra-atomic 4f energy level structure. Its emission prop-
erties have been reported under ~ 650 nm,l3’14 800 nm,ls’16
980 nm,' ! and 1064 nm'*?° excitations.

In the present work, we describe results obtained on a new
upconversion material, namely, Y,BaZnOs: Yb3+, Tm’™.
Ln,BaZnOs ternary oxide hosts were first reported by Raveau
et al. in 1982.2? Since then, they have attracted attention for
their interesting magnetic and optical properties. Ln,BaMOs
oxides (Ln=7Y, Gd and M =Zn, Cu) crystallize in the ortho-
rhombic space group Pnma. Ln ions occupy two different
sevenfold coordinated sites with the same symmetry but
with slightly different Ln-O distances, while the M ions
exhibit an unusual distorted tetrahedral coordination. Recently,
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the upconversion properties of Ln,BaZnOs: Yb**, Er’" and
Ln,BaZnOs: Yb**, Ho’* (Ln =Y, Gd) under 980 nm continu-
ous and pulsed excitation were investigated and efficient visi-
ble emissions observed in the red and the green. > In the
present work, we focus on the investigation of Yb3+, Tm3"
co-doped Y,BaZnOs5 materials for infrared to infrared and blue
upconversion. Luminescence mechanisms are elucidated
through power dependence studies and lifetime measurements
on samples with different dopant concentrations. Efficiencies
are also reported.

Il. EXPERIMENTAL
A. Synthesis of Y,BaZnOs: Yb®**, Tm3* phosphors

Y5y Yb,Tm;BaZnOs phosphors (with 0 <x <0.28 and
0<y<0.04) were synthesized by solid-state reactions.
Stoichiometric amounts of Y,05 (Alfa Aesar, 99.99%), Yb,O5
(Alfa Aesar, 99.99%), Tm,O3 (Alfa Aesar, 99.99%), ZnO
(Fisher Scientific, 99.5%), and BaCOs5 (Fisher Scientific,
99+4-%) were mixed, ground together, and sintered at 1200 °C
for several days with intermediate grinding stages.

B. X-ray powder diffraction analysis

X-ray powder diffraction patterns were measured using
a theta-theta diffractometer (Bruker DS), equipped with a Cu
Ko source (generator: 40 kV and 40 mA), a scintillation de-
tector with pulse-height analysis, and a variable knife-edge
collimator for high resolution x-ray diffractometry. The best
achievable instrumental resolution was 0.08° in 20.

C. Upconversion luminescence spectroscopy

The luminescence measurements under near-infrared ex-
citation presented in this paper were performed under either
974 or 977 nm excitation, depending on the equipment used.

© 2011 American Institute of Physics
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The emission properties are the same whichever excitation
wavelength is used. For emission spectra acquisition and
upconversion efficiency measurements, the sample of inter-
est was finely ground and sandwiched between two quartz
plates (Helma, 106-QS), one of which was coated with a re-
flective film of silver. The sample holder was then placed at
the rear face of an integrating sphere (Instrument System,
ISP-150-100). For the acquisition of upconverted lumines-
cence spectra, samples were excited using the 977 nm output
of a temperature-controlled cw laser diode (Thorlabs,
L980P100 and TCLDMD9). The excitation signal was focused
onto the center of the sample holder using a lens (Newport,
KPX049AR.16). After initial alignment of the setup, effi-
ciency measurements were performed in two steps. For the
first measurement, the quartz sample holder at the rear-face
of the integrating sphere was left empty (no sample inside,
rear-face silver coated), and the laser excitation on the sam-
ple was collected using an optical fiber and analyzed with a
spectrometer (Instrument System, CAS 140B). The incident
power in the near-infrared PR (integrated over the 950-1000
nm range) was determined from this measurement. For the
second measurement, the sample under investigation was
placed inside the quartz holder, and both the fraction of the
excitation light that had not been absorbed by the sample
(power PR . ), and the emitted upconversion light (inte-
grated either in the 420-530 or 730-870 nm ranges) (power
P5), were collected and quantified. From these two meas-
urements, the fraction of the incident power absorbed by the
sample was calculated. The upconversion efficiency was cal-
culated as the ratio of the upconverted emission in the range
of interest (blue: 420-530 nm or near-infrared: 730-870 nm)
to the power absorbed in the 950-1000 nm range:

e = Py o Py
UC = pIR ~ pIR [R
Pabx Pin(,' — ¥ notabs

A preliminary study showed that the statistical error on effi-
ciency measurements (from repeated measurements) is on
the order of 4%. The collected emissions were corrected for
instrumental response.

For emission rise-time and lifetime measurements, a
tunable optical parametric oscillator (OPO) (Continuum
Panther OPO) pumped by the third harmonic wavelength at
355 nm of a Q-switched YAG: Nd laser (Surelite I laser) was
tuned to 463 or 974 nm to excite the sample with a 7 ns pulse
at a 10 Hz repetition rate. The fluorescence from the sample
was separated from the pumping light using a longpass filter
and was then passed through a spectrometer (Jobin Yvon,
Triax 550) and detected using a photomultiplier tube detector
(Hamamatsu R550) connected to a 500-MHz digital oscillo-
scope (LeCroy, 9350A) and a desktop computer.

lll. RESULTS
A. Crystal structure

Figure 1 displays the typical powder x-ray diffraction
pattern of Y,BaZnOs: Yb*" (6%), Tm>* (0.25%). The crystal
structure is orthorhombic, space group Pnma. Relatively pure
phases were obtained, as shown by the good quality of the Riet-
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FIG. 1. Rietveld refinement based upon the x-ray powder diffraction pattern
of Y,BaZnOs: Yb*" (6%), Tm>* (0.25%).

veld refinement. Cell parameters were obtained: a = 12.3358(2)
A, b=5.7087(1) A, and ¢ =7.0686(1) A (ICDD 87082). Note
that the lattice parameters are slightly smaller in the doped
samples than those in the pure phases, which is attributed to
the smaller ionic radii of the Yb*" (0.093 nm) and Tm>*
(0.094 nm) compared to Y** (0.096 nm).

B. Upconversion luminescence emission

Following ~974 nm excitation at room temperature,
Y,BaZnOs: Yb**, Tm>" powders yield blue and red emis-
sion easily visible to the naked eye. Typical emission spectra
show an intense near-infrared emission at around 796 nm,
and considerably weaker visible emissions at around 479 nm
(blue) and 654 nm (red) (Fig. 2). The emission spectrum
measured under 463 nm excitation, corresponding to the
direct excitation of the Tm3+1G4 state, is also presented in
Fig. 2. Similar red to blue emission intensity ratios are
measured under 974 and 463 nm excitation conditions. The
near-infrared to blue emission intensity ratio, however, is
strongly dependent on the excitation wavelength and is
considerably lower under 463 nm excitation.
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FIG. 2. Typical luminescence spectra of Y,BaZnOs: Yb*' (6%), Tm*"
(0.25%) phosphors at room temperature under 974 nm excitation and 463
nm excitation. The inset presents an expansion of the emission spectra in the
visible range under 974 nm excitation.
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FIG. 3. (Color online) Upconversion luminescence spectra for selected sam-
ples of the: (a) Y>BaZnOs:Yb>" (10%), Tm*" (y%) (y = 0.25, 0.5, 0.75,
1.0) and (b) Y>BaZnOs: Yb*" (x%), Tm*" (0.25%) (x = 2, 4, 6, 8, 10, 12,
14) families at room temperature under ~ 977 nm excitation.

The down-conversion emission spectra in the infrared of
Y2BaZnO5:Yb3Jr (6%), Tm>" (0.25%) under room tempera-
ture 974 and 463 nm excitations present broad bands cen-
tered at around 1022 and 1218 nm (Fig. S1, supplemental
material®®). Note that the 1022 nm emission is also observed
under 790 nm excitations of the sample (Fig. S2, supplemen-
tal material®®).

C. Concentration dependence of upconversion
emission properties

The upconverted emission intensity and spectral proper-
ties depend on dopant concentrations. The emission spectra
of selected samples of the Y,BaZnOs: Yb*" (10%), Tm>"
(y %) (y=0.25, 0.5, 0.75, 1.0), and Y,BaZnOs: Yb* " (x%),
Tm>" (0.25%) (x=2, 4, 6, 8, 10, 12, 14) families are pre-
sented in Fig. 3. For constant ytterbium concentration, and in
the range of Tm>" concentrations studied, 0.25% Tm>"
results in the strongest blue emission. [Fig. 3(a)]. For fixed
Tm>* concentrations of 0.25%, maximum blue emission is
observed for Yb>" concentrations around 6% [Fig. 3(b)].

The upconversion efficiencies of a variety of Y,BaZnOs:
Yb*' (x%), Tm*> " (y%) samples (2<x <14 and 0 <y <2)
were measured at room temperature under 977 nm excitation
(~2.5 W/cm? incident power) (Fig. 4 and supplemental mate-
rial Fig. S3%%). Samples containing around 0.25% of Tm>"
and 6% of Yb> " were shown to exhibit the highest efficiencies
for infrared to visible upconversion. Maximum upconversion
efficiencies of 1.53 = 0.07% (730-870 nm near-infrared emis-
sion range) and 0.086 % 0.003% (420-530 nm blue emission
range) were obtained with Y,BaZnOs: Yb’" (6%), Tm>"
(0.25%) at room temperature under ~ 2.5 W/cm? excitation.
The color coordinates associated to that composition are
x=0.1780 = 0.0009; y = 0.1710 = 0.0009.

D. Pump power dependence of the luminescence
emission

Room temperature pump power density dependences
of the blue (479 nm), red (654 nm), and near-infrared (796
nm) emissions under 977 nm excitation of Y,BaZnOs: Yb>"
(6%), Tm>" (0.25%) were examined and the results are
presented in a decadic log-log plot in Fig. 5. The near-infrared

J. Appl. Phys. 109, 063104 (2011)

(3)2_0 Efficiency (%)
1.5
15 1.3
1.1
% 0.84
™
€10
= 0.63
o
S 0.42
0.5 0.21
0.0
2 4 6 8 " 10 12 14
+
% Yb
b - -
( )2.0 Efficiency (%)
0.09
0.08
1.5 0.07
0.06
+ 0.05
™
€10 0.04
|_
o\o 0.03
0.02
0.5 0.01
0
2 4 6 8 . 10 12 14
+
% Yb

FIG. 4. (Color online) Room temperature (a) near-infrared upconversion ef-
ficiency in the 730-870 nm emission range and (b) in the 420-530 nm emis-
sion range, as a function of dopant concentration for a variety of Y,BaZnOs:
Yb*F, Tm** samples. The color bar on the right is used to display the upcon-
version efficiency values for each dopant composition. Contour lines (lines
with the same upconversion efficiency value) and contour labels displaying
the UC efficiencies associated to those contour lines are also included.

emission shows an approximately quadratic dependence on
the excitation power density in the low power regime, while
the blue and red emissions show a cubic behavior (Fig. 5).

E. Lifetime measurements, dopant concentration
dependence

The temporal evolutions of the emissions centered at
around 479, 654, 796, 1022, and 1218 nm in Y,BaZnOs:
Yo't (6%), Tm*" (0.25%) were recorded under pulsed
463 nm (direct excitation of Tm>"'Gy) and 974 nm (excita-
tion of Yb*"?Fs),) at room temperature. It is worth noting
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FIG. 5. (Color online) Pump power density dependence of the blue (479
nm), red (654 nm), and near-infrared (796 nm) emissions under 977 nm ex-
citation in Y,BaZnOs: Yb*" (6%), Tm*" (0.25%) at room temperature. The
results are presented in a double-decadic logarithmic scale.

that Tm>" does not absorb at 974 nm, which guarantees a
selective excitation of Yb*" under 974 nm excitation. A typi-
cal transient corresponding to the room temperature temporal
evolutions of the blue (479 nm), red (654 nm), and near-
infrared (796 nm) emissions under pulsed 974 nm excitation
in Y,BaZnOs: Yb** (6%), Tm>" (0.25%) is presented in
Fig. 6. At the end of the 7 ns excitation pulse, no lumines-
cence intensity is observed; instead, the transient exhibits a
typical delayed rise and a decay. This is a clear fingerprint of
an energy transfer process. The experimental intensity data
were fitted to the expression:?’

1(t) :A(l —e—f/fr) (e—’/fd), 1)

where A is an emission intensity factor, and 7, and t,; repre-
sent the rise and decay times of the transient. Note that 7,
and 7, are related to the transfer rate constants between Yb? "
and Tm*" and to the intrinsic lifetimes of the states
involved.?” The decay curves showed, in some cases, a biex-
ponential behavior, corresponding to decay mechanisms via
two different depopulation channels. As such, when the tran-
sient decay section could not be fitted by a single exponen-
tial, the effective fluorescent decay time t,; was determined
using the following equation (discretization of the formula
used in Ref. 28):

. Z?:l Aifiz
d = n )
D Aiti

where A; and 1; are the amplitudes and lifetimes correspond-
ing to the depopulation channel i and n =1, 2.

The room-temperature transient decay functions associ-
ated with the blue, red, and near-infrared emissions under
974 nm excitation in Y,BaZnOs: Yb*" (x%), Tm>" (y%)
(x=0, 2, 6, 10 and y=0.25, 0.5, 1, 2) have 2, 2, and 1
distinct t;, corresponding to 2, 2, and 1 distinct depopulation
channels, respectively. The values of the effective fluorescent

(@3]
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FIG. 6. (Color online) Typical temporal evolution of the blue (479 nm), red
(654 nm), and near-infrared (796 nm) emissions under pulsed 974 nm excita-
tion of Y,BaZnOs: Yb>* (6%), Tm>* (0.25%) at room temperature. The
inset presents an expansion of the initial rise. Note that the small peak
observed at around t ~ —45 ps is due to some pick-up of the radio frequency
from the flashlamp firing.

decay times 7, of the blue, red, and near-infrared emissions
in these samples are listed in Table S1 (supplemental mate-
rial). For instance, in Y,BaZnOs: Yb* ™ (6%), Tm>™ (0.25%)
(the composition showing the maximum upconversion effi-
ciency that was measured in this study), the best fits associ-
ated to the blue, red, and near-infrared transients correspond
to average decay times of ;=176 =9 us, 1,=181*9 pus,
and t,=435 =22 us, respectively (Fig. S4 and Table S1,
supplemental material®). It is worth noting that the transients
corresponding to the blue (479 nm) and red (654 nm) emis-
sions have the same rise and decay times (within experimen-
tal errors) (Fig. 6).

The lifetimes associated with the room-temperature
emissions around 479, 654, 796, 1022, and 1218 nm were
measured for a variety of samples of the (a) Y,BaZnOs: Yb’ "
(10%), Tm** (y%) (y=0.25, 0.5, 1, 2) and (b) Y,BaZnOs:
YT (x%), Tm>" (0.25%) (x=0, 2, 6, 10) families under
974 and 463 nm pulsed excitations (Fig. 7, Table S1 supple-
mental material). The error on lifetime measurements was
estimated to be of the order 5%. For clarity, the error bars are
not shown in Fig. 7(a) and 7(b).

The lifetimes associated with the blue (479 nm), red
(654 nm), near-infrared (760 nm), and infrared (1022 nm)
emissions under direct excitation (~ 463 nm) and upconver-
sion excitation (~ 974 nm) decrease with increasing Tm*"
concentration [Fig. 7(a) and Table SI1, supplemental
material®®]. The lifetimes associated with the 479 and 654
nm emissions are similar (within experimental error) in the
whole range of Tm’" concentrations studied. It is worth not-
ing that, in the Tm>" concentration range that we investi-
gated, the decrease in lifetimes occurs mainly when
increasing the Tm>" concentration from 0.5 to 1%.

The Yb’" concentration dependence of the room-
temperature lifetimes associated with the 479, 654, 796, and
1022 nm emissions in Y,BaZnOs: Yb* " (x%), Tm> " (0.25%)
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FIG. 7. (Color online) Concentration dependence of the lifetimes corre-
sponding to the room-temperature emissions around 479, 654, 796, and
1022 nm in a variety of samples of the (a) Y,BaZnOs: Y3t (10%), Tm>*
(y%) (y = 0.25, 0.5, 1, 2) and (b) Y,BaZnOs: Yb*" (x%), Tm>" (0.25%)
(x =0, 2, 6, 10) families under 974 and 463 nm pulsed excitations. The inset
shows the excitation and emission wavelengths for each set of data point.

(x=0, 2, 6, 10) samples is shown in Fig. 7(b). The lifetimes
decrease with increasing Yb®" concentration. Again, the life-
times associated with the 479 and 654 nm emissions are simi-
lar (within experimental error) in the whole range of Yb>"
concentrations studied (this is true under both 974 and 463 nm
excitation conditions). As shown in Table S1 (supplemental
materia126), the lifetimes for all the emission centers decrease
upon 974 nm excitation. The lifetimes measured under direct
463 nm excitation show a different dependence on Yb** con-
centration. Under 463 nm excitation, the lifetimes associated
with the blue (479 nm) and red (654 nm) emissions are quasi-
invariant in the Yb>" concentration range that was investi-
gated [Fig. 7(b) and Table S1, supplemental material*®].

A careful inspection of the emission spectra in Figs. 2
and 3(a) reveals the presence of a small emission band
around 454 nm. The lifetime associated with that emission
is significantly shorter than that of the 479 nm emission
(Fig. S5, supplemental material®®).

J. Appl. Phys. 109, 063104 (2011)

IV. DISCUSSION
A. Population mechanisms of emitting states

A detailed investigation of the steady-state and dynamic
emission properties of a variety of Y,BaZnOs: Yb*" (x%),
Tm*" (y%) (0<x<14 and 0<y<2) samples was per-
formed and the results were presented in the previous sec-
tion. Under near-infrared laser excitation, the samples
exhibit blue and red upconversion emissions visible to the
naked eye. The emission spectra reveal the presence of emis-
sion bands centered around 479 nm (blue emission), 654 nm
(red emission), and 796 nm (near-infrared emission). Under
974 nm excitation, the transients corresponding to the emis-
sions centered at 479, 654, and 796 nm display a clear rise
time after the excitation is turned off, indicating that the pop-
ulation mechanisms of the states from which these emissions
arise involve at least one Yb>" to Tm>" energy transfer step
(Fig. 6). Power dependence studies show that under 974 nm
excitation the emission centered around 796 nm exhibits a
quadratic dependence on the excitation power, indicating a
two-photon population process of its emitting state(s) (Fig. 5).
The emissions centered around 479 and 654 nm show a cubic
dependence, indicating a three-photon population process
(Fig. 5). According to the energy level diagram of Tm> " rep-
resented in Fig. 8,29 the blue emission centered at 479 nm can
be exclusively assigned to the Tm* "G, — *Hg transition. The
red emission (654 nm) could be attributed to the
Tm*" Gy —°F,'®%%  and/or Tm’"F,3—°Hs transi-
tions,'”"'3% and the near-infrared emission (796 nm) to the
Tm>*3H, — *Hg!%3%3! andjor Tm**'G — 3Hs'®1930 transi-
tions. The similarity in the lifetimes and rise-times associated
with the 479 and 654 nm emissions over the whole range of
concentrations studied (Figs. 6 and 7) suggests that these two
emissions essentially arise from the same multiplet of Tm> ",
in particular 'Gy. The transient corresponding to the 796 nm
emission exhibits a mono-exponential behavior (Fig. 6) with a
characteristic lifetime that is significantly longer than that
of the blue (479 nm) and red (654 nm) emissions (Fig. 7).
In view of these results, the emissions centered at 654 and
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20010 T T € L 4
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FIG. 8. (Color online) Simplified energy diagram of Tm>" and Yb*" ions
and the dominant upconversion mechanisms in Y,BaZnOs: Y3, Tm?*.
Blue, red, and near-infrared luminescence, as well as (nonresonant) nonra-
diative energy transfer upconversion (ETU), multiphonon relaxation, and
cross-relaxation (CR) processes, are indicated.
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796 nm can be exclusively assigned to the Tm**'G, — F, and
Tm?H, — *Hy transitions, respectively. The infrared emis-
sions centered around 1022 nm (broad emission) and 1218 nm
can be attributed to the Yb>"*Fs, — *F5,, and Tm® " Hs — *Hj
transitions, respectively.

According to our findings, the population of the
Tm®"?H, state, from which the strong near-infrared emission
at 796 nm arises, involves two successive Yb*' to Tm>*
energy transfers with intermediate multiphonon relaxa-
tion steps; Yb'"?Fs;+ Tm>Hg — Yb>"?F;;, 4+ Tm’ " H;
(first ET), Tm® +3H5 — 3F4 (multiphonon  relaxation),
Yb**?Fs), + Tm® °F, — Yb*2F; ), + Tm® F, 5 (second ET),
Tm3+3F2,3 —3H, (multiphonon relaxation), as shown in
Fig. 8. The blue (479 nm) and red (654 nm) emissions arising
from the Tm>"'G, state require an additional energy transfer
step: Yb*?Fsp +Tm’ °Hy — Yb* ;) + Tm® 7'G,  (third
ET).

The near-infrared (796 nm) to blue (479 nm) emission
intensity ratio is much smaller under 463 nm excitation than
it is under 974 nm excitation (Fig. 2). This can be assigned
to the fact that, compared to the Tm3+1G4 state, the
Tm>"H, state is relatively much more populated under
upconverting conditions (by two successive Yb*' to Tm> "
energy transfer steps) than it is by multiphonon relaxation
under direct excitation of Tm>*'G,. Again, the population of
the Tm>"'G, state under upconverting conditions requires
three successive Yb>" to Tm>" energy transfers, while the
Tm>"?H, state population requires only two.

B. Tm®* concentration dependence of lifetimes

The decrease in Tm’"'Gy lifetimes with increasing
Tm>" concentration under direct 463 nm excitation [Fig.
7(a)] suggests the existence of cross-relaxation mechanisms
between Tm’" jons that depopulate the Tm’>"'G, state.
According to the energy diagram of Tm*" (Fig. 8), this could
be attributed to cross-relaxations from:

1) Tm*"'G, +Tm>*3H, — Tm*>*3F, +Tm>* D, 3032
2) Tm**3H, +Tm>* Gy — Tm**3F, +Tm>* 1D, 3032
3) Tm>*'Gy +Tm>"*Hg — Tm>"*Hs +Tm>*>H,,3>

4) Tm**3Hg +Tm>*1G, — Tm>*>Hs +Tm>*3H,, 333+

All these processes are expected to depopulate the
Tm>"'Gy level at high Tm*" concentrations, which is in agree-
ment with the results presented on Fig. 3(a). Processes 1) and
2) are also expected to depopulate the 796 nm emitting
Tm>H, level while processes 3) and 4) populate it. Accord-
ing to Fig. 3(a), for Tm*" concentrations higher than 0.5%, the
796 nm emission intensity decreases with increasing Tm>"
concentration; processes 3) and 4) can therefore be ruled out.
Careful scrutiny of the emission spectra in Fig. 2 and Fig. 3(a)
reveals the presence of a small emission band around 454 nm.
According to the energy diagram (Fig. 8), the emission at 454
nm can be attributed to the Tm3+1D2—> 3F4 transition. Note
that population of the Tm*>"'D, level via a fourth Yb*" to
Tm>" energy transfer is very unlikely due to the large energy
mismatch (around 3500 cm_l) between the Yb3+2F5/2 — 2F7/2
and Tm*"'D, — 'Gy4 energy gaps.’**? The existence of the
454 nm emission band confirms that cross-relaxation processes
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1) and 2) are relevant at high Tm>" concentrations. At least
two emission bands centered at around 365 and 454 nm arise
from the Tm>*'D, state. The decrease in Tm>">H, lifetimes
with increasing Tm>" concentration under 463 nm excitation
[Fig. 7(a), Table S1 supplemental material®®] is in good agree-
ment with the existence of cross-relaxation mechanisms
between Tm> " ions via processes 1) and 2).

The lifetimes associated with the Yb**?Fs, — °F;, emis-
sion (1022 nm) decrease with increasing Tm>" concentration
[Fig. 7(a)]. This can be attributed to an increase in Yb>" to
Tm>" energy transfer probabilities due to a decrease in the av-
erage Yb'" to Tm>" distance. Under 974 nm excitation, the
lifetimes associated with the 479, 654, and 796 nm emissions
from Y,BaZnOs: Yb*t (10%), Tm>" (y%) (y=0.25,0.5, 1, 2)
samples also decrease with increasing dopant concentration,
following the same trend as that of the Yb’"?Fs, lifetimes
[Fig. 7(a), Table S1 supplemental material®®]. This suggests
that the Yb’" — Tm>" interaction dynamics govern the UC
temporal behavior under 974 nm excitation, rather than the
deexcitation lifetimes of the Tm> " multiplets.>

C. Yb®* concentration dependence of lifetimes

Under 463 nm excitation, the lifetimes associated with
the 479 and 654 nm emissions (arising from Tm3+1G4) are
almost invariant in the range of Yb>" concentrations studied
[Fig. 7(b), Table S1 supplemental material*®]. This suggests
that the intrinsic lifetime of Tm>"'Gy, is almost unaffected by
the Yb*" concentration present in the samples. The very slight
decrease in lifetimes with increasing Yb’' concentration
could be attributed to back-energy transfer between Tm> " and
Yb*", depopulating Tm>™'G, at high Yb*" concentrations.
The existence of back-energy transfer mechanisms is further
supported by the observation of a small intensity emission
from Yb>" centered around 1022 nm under selective Tm>"
excitation at 463 nm (Fig. S1, supplemental material®). Under
463 nm excitation, the lifetimes associated with the 796 nm
emission (from Tm® +3H4) decrease with increasing Yb>" con-
centration [Fig. 7(b), Table S1 supplemental material®®] due to
the back-energy transfer between Tm>" and Yb*", depopulat-
ing Tm*>"H, at high Yb*" concentration.”> The Yb>" emis-
sion around 1022 nm is also observed under selective Tm>"
excitation at 790 nm (Fig. S2, supplemental material®®), cor-
roborating the presence of such back-energy transfers.

The lifetimes associated with the Yb*"?Fs/, — *F;, emis-
sion (1022 nm) decrease significantly with increasing Yb*
concentration [Fig. 7(b)]. We have observed that excitation
hopping between Yb*" ions does not contribute significantly
to the Yb3+2F5/2 lifetime, as no significant concentration de-
pendence has been found with the Yb*" concentration in sin-
gly doped samples. In addition, the lifetimes measured on
Yb*" singly doped samples were significantly higher than
those of the Yb>", Tm’ " co-doped samples. The decrease in
Yb**2Fs), lifetimes can therefore be attributed to an increase
in Yb’" to Tm®" energy transfer rates. Under 974 nm excita-
tion, the Yb> " concentration dependence of the lifetimes asso-
ciated with the 479, 654, and 796 nm emissions in Y,BaZnOs:
Yb¥ (x%), Tm*" (0.25%) (x =0, 2, 6, 10) samples is signifi-
cantly different from that observed under 463 nm excitation.
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In particular, the Tm*"'G, and Tm>™H, level lifetimes
decrease markedly with increasing Yb>" concentration, fol-
lowing the same trend as that of the Yb®"?Fs), lifetimes. This
supports the view that the dynamics of Yb>" — Tm®" interac-

tions play a dominant role in the observed upconversion emit-
ting level lifetimes.

V. CONCLUSION

The upconversion properties of Y,BaZnOs: Yb> ", Tm> "
oxide materials were investigated as a function of dopant
concentration. Power dependence studies and lifetime meas-
urements provide a model for the upconversion mechanisms
involved in these materials. The strong near-infrared
(796 nm) emission, which has an relatively high efficiency
of up to ~ 1.53% (730-870 nm emission range), arises from
the Tm> " H, level populated via two successive Yb’" to
Tm>" energy transfer steps. This could find interesting appli-
cations in various fields of infrared technology.

The weaker blue (479 nm) and red (654 nm) emissions
originate from Tm>"'G, and involve three energy transfer
steps. A maximum upconversion efficiency of
0.086 = 0.003% (420-530 nm emission range) was obtained
in Y>BaZnOs: Yb*" (6%), Tm>" (0.25%) at room tempera-
ture under ~ 2.5 W/cm? excitation. This opens up the possi-
bility of combining the present Yb>", Tm’" co-doped
material with our Yb*", Er’" (red plus green) phosphor®* in
order to produce white light. We shall explore this possibility
in a future publication.
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