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Abstract

Y;3Al50;, (YAGQG) transparent ceramics doped with Pr** have been obtained by
vacuum sintering of spray dried commercial powders and characterized by XRD
and SEM techniques. A comprehensive spectroscopic investigation has then
been carried out including: absorption spectra and decay time measurements in
the visible-IR spectral region and x-ray and VUV excitation and emission
properties studied with synchrotron radiation. The main processes responsible
for the excited states dynamics have been identified and characterized. Com-
parison with the properties of the single crystal reveals that the investigated
material has interesting perspectives for applications in optics and photonics.

Keywords: YAG:Pr’*, transparent ceramics, emission spectroscopy, VUV
emission

1. Introduction

Yttrium aluminum garnet (Y3Als0;,, YAG) crystals doped with prt demonstrating intense
electron-dipole 5d—4f emission transitions have been extensively investigated in order to
develop scintillators [1-3] and solid state lasers emitting in the UV and visible regions [4—6].
Several studies have been carried out, mainly concerning the structure of the electronic levels of
Pr’* in YAG [7-10], its emission dynamics [5, 11-13] and the Pr?* site distribution [14, 15].
P YAG single crystalline films [16] and powders [17] have also been investigated. Moreover,
Pr’* has been used as optical probe to study the effect of the sintering conditions on the
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structural properties of YAG nanoceramics [18]. The development of ceramic optical materials
has been triggered by the idea for production of cost effective large size scintillators and laser
media (see [19-23] and references therein). Good prospects for the garnet based ceramic
scintillators, particularly LuAG:Pr and YAG:Ce, have been demonstrated in [22, 24, 25].
Considering the relevant scientific interest and the promising application of ceramic optical
materials, it is challenging to extend the research on YAG:Pr and to explore the possibility for
its fabrication in the form of transparent ceramics as well as to test its spectroscopic and
dynamic properties. To produce a sample of YAG:Pr transparent ceramics we have used a
sintering procedure successfully developed by one of us for Yb>*:YAG [26, 27]. A high quality
of the sample obtained is supported with structural and morphological characterization that is
accompanied with results of (time-resolved) spectroscopic investigation in the UV, visible and
NIR regions. The measured properties have been compared with the literature data on Pr’*:
YAG single crystals in order to assess the effect of the morphology on the emission
performance.

2. Experimental

2.1. Synthesis and structural characterization

The process applied for the synthesis of 1at% Pr’*-doped YAG transparent ceramics has been
discussed in detail in previous papers [28]. Y,0O3 (Nanocerox, >99.99%), Al,O5; (Taimei TM-
DAR, >99.99%) and PrqO,; (Sigma Aldrich >99.9%) were used as starting materials. They
were mixed in stoichiometric ratios and ball milled for 72h after addition of 0.5 wt% of
tetraethyl orthosilicate (TEOS) as sintering agent and 1 wt% polyethylene glycol 400 (PEG-
400) as dispersant. The suspension was spray dried with a laboratory spray dryer (Mini Spray
Dryer B-290, Biichi) and the spray dried powder was shaped in a pellet with a diameter of 1 cm
and thickness of 2-3 mm by linear pressing in a metallic die at 100bar followed by cold
1sostatic pressing (CIP) at 2500 bar. After heat treatment at 800 °C in order to remove residual
organic impurities, the pellet was sintered at 1735 °C for 16 h under high vacuum (107 mbar) in
a clean furnace. Finally, it was annealed at 1300 °C in air and then polished to optical grade.

The microstructure was investigated by scanning electron microscopy (SEM) (Quanta™
200 ESEM, FEI, The Netherlands) and the optical transmittance was measured using a Perkin
Elmer UV/VIS Lambda 35 Spectrometer.

2.2. Spectroscopic measurements

X-ray excited measurements of emission spectra and emission decay kinetics were performed
using synchrotron radiation at beamline 20BM (PNC/XSD) at the Advanced Photon Source
(Argonne National Laboratory, US). Incident x-rays from a Si(111) double-crystal
monochromator were toroidally focused to a spot size of about 500 to 400 um”. The x-ray
monochromator was detuned to 80% of the maximum signal and a Rh-coated planar mirror was
also used for harmonic rejection. Fluorescent x—rays were monitored using a single-element
Vortex Si-drift detector. The x-ray excited optical luminescence (XEOL) was studied in two
ways. For the emission spectra, an Avantes AvaSpec-2048 CCD spectrometer, equipped with a
300 linesmm ™" grating and 50 um slit yielding ~2 nm resolution, was used. For emission decay
measurements, a Horiba microHR spectrometer with a 600 lines mm™" grating and Hamamatsu
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R928 room temperature photomultiplier tube was used. In both cases, optical emission was
collected using collector lenses and transmitted to the spectrometers through optical fibres.

Time-resolved VUV spectroscopic measurements were performed using the SUPERLUMI
experimental station at HASYLAB (DESY, Germany) upon excitation with the synchrotron
radiation (SR) from the DORIS III storage ring. For the measurement of excitation spectra in the
range 3.7-19 eV a 2m monochromator in McPherson mounting with a resolution of 3.2 A was
used. The detection of the luminescence was performed with a 0.3 m ARC SpectraPro-308i
monochromator equipped with a 600 linesmm™ grating and a high-speed R3809U-50S
(Hamamatsu) microchannel plate detector. Time-resolved spectra were recorded in two
independent time windows (TWs): 2—14 ns (fast) and 72—172 ns (slow). Time-integrated spectra
were recorded counting the emission signal within the whole time period of 192 ns available
between SR pulses at the normal (5) bunch mode (BM) of the storage ring. The measurements
were performed in the ultra-high-vacuum chamber (~10"° mbar). The excitation spectra were
corrected for the wavelength-dependent variation of the SR intensity using the sodium salicylate
signal.

High resolution absorption spectra were measured with a spectroscopic setup equipped
with a 300 W halogen lamp fitted with a 0.25 m Spex monochromator as source, and a 1.26 m
Spex monochromator with a RCA C31034 photomultiplier or a PbS N.E.P cell to analyse and
detect the output radiation. To record emission spectra in the visible region (440—830 nm) the
setup was modified appropriately by altering the optical pathway and setting up a 450 W Xenon
lamp instead of the halogen lamp. The NIR emission was excited using a 455nm LED and
recorded with a Zolix A300 monochromator in combination with an OCULUS detector. The
emission decay curves in the visible range were recorded upon pulsed excitation using a tunable
dye laser (D100, Quanta System) pumped by a Nd:YAG laser (SYL201, Quanta System), a
0.5 m monochromator (HR460, Jobin Yvon) equipped with a 1200 linesmm™" grating, a water
cooled GaAs photomultiplier (Hamamatsu) and a 500 MHz digital oscilloscope (WaveRunner,
LeCroy).

All the spectroscopic measurements have been carried out at room temperature.

3. Results

3.1. Microstructure and absorption spectrum

The 1% Pr’*:YAG sample (figure 1(a)) exhibits after sintering a regular microstructure formed
by equiaxed grains with a diameter ranging from 20 to 60 ym and no evidence of large residual
pores (figure 1(b)).

The XRD pattern (not shown), is identical to that obtained in previous cases [28] and
indicates the formation of the title compound. The transmittance of the sample is close to the
theoretical value of pure YAG ceramic samples [29], confirming that the presence of defects as
pores or secondary phases, not highlighted with the conventional microstructural analysis,
should be very limited and their size very small (figure 2).

The high resolution absorption spectrum has been measured in the 4000-24000 cm ™' range
and is shown in figure 3. The transitions from the *H, ground state to the excited levels of Pr’*
have been assigned on the basis of previous literature data [7—10]. The most intense lines have
FWHM (full width at half maximum) values of the order of 20-30cm™", i.e. similar to those
usually observed for single crystals, thus attesting the good quality of the obtained material.
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(a)

Figure 1. (a) Pr:YAG transparent ceramic sample and (b) SEM microstructure of its
fractured surface.
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Figure 2. UV-visible transmittance spectrum of the Pr:YAG transparent ceramic
sample.
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Figure 3. 298 K absorption spectrum of 1% Pr’*:YAG transparent ceramic.
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Figure 4. Emission spectrum of 1% Pr’":YAG transparent ceramics upon excitation
with x-ray synchrotron radiation. Inset shows decay curve of d—f emission (circles) and
its fitting to the double exponential decay function (solid line).

3.2. Time-resolved luminescence spectroscopy upon excitation with synchrotron radiation

The x-ray excited emission spectrum of 1% Pr’*:YAG transparent ceramics is shown in
figure 4. The structure of the spectrum and relative intensities of its features do not depend on
the beam energy, ranging from 2.7 to 30 keV. The two broad emission bands extending from
about 300 to 430 nm can be ascribed to the parity-allowed transitions from the lowest energy
level of the 4f5d configuration of Pr'* to the *H; and *F; levels of the 4f> configuration. The
narrow lines bands in the 450-800 nm range are due to f—f transitions, and have been assigned
according to the energy levels scheme deduced from the absorption spectrum. The decay profile
cannot be satisfactorily fitted with a single exponential decay function, however, it is well
reproduced with a function containing two exponential decay components with decay times of
6.2 and 20.3 ns and nearly equal amplitude (figure 4).

It is worth noting that the decay curve shows quite intense constant level (piling) which is
due to overlay of slow (micro- or millisecond order) decay components excited by continuous
sequences of excitation pulses arriving with a high repetition rate. This is typically observed in
synchrotron radiation experiments (see [30] for details). An origin of slow decay components
can be connected with the well-known problem of antisite defects (see [31, 32] and references
therein) which may temporarily capture electrons from conduction band causing delayed
recombination of electronic excitation (e-h pairs and excitons) on Pr’* centers.

The time-resolved and time-integrated VUV emission and excitation spectra of 1% Pr’*:
YAG transparent ceramics are shown in figures 5(a) and (b), respectively. The spectra on the
graphs are normalized for the maximum intensity of time-integrated spectra to keep the aspect
ratio of the time-integrated and the time-resolved spectra. The time-resolved spectra are scaled
for a better visual perception. Apart from the fact of lower resolution, the time-integrated
emission spectrum is fairly similar to that obtained upon x-ray excitation and can be assigned
accordingly. The decay profile recorded for d—f emission band upon excitation at 163 nm, that
correspond to the maximum of the excitation spectrum in the range of the host absorption (see
below), is shown in the inset of figure 5(a). The decay profile is a single exponential with time
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Figure 5. Time-integrated and time-resolved VUV emission (a) and excitation (b)
spectra of 1% Pr’*:YAG transparent ceramics. The emission decay profile recorded
monitoring d—f emission is shown in the inset.

constant of 15 ns, similar (or even longer, considering the doping level) to that observed in the
case of the single crystal [1]. The build-up observed in the decay profile is characterised by a
rise time of about 1.5 ns and is probably related to the excitation process, involving an energy
transfer mechanism from host electronic excitations to Pr’* ions.

The excitation spectra recorded in time-integrated mode and in fast TW closely follow
each other within the range of 165-300 nm and slightly deviate at shorter wavelength when the
intensity of signal detected in slow time window rises. The UV part of the spectra (210-300 nm)
consists of two broad excitation features which are assigned to Pr** 4f°(*H,) — 4f5d transitions.
Clearly, the features related to f—d transitions look unusually shaped if compared with those
observed in excitation spectra of YAG:Pr single crystals [1-3] and the background level of the
spectrum is quite high. We suppose that the reason for this can be connected with complicated
ways for penetration and scattering of incident photons by pores in a ceramic sample [33] and
saturation phenomena which are not rare in experiments with VUV synchrotron radiation when
studying parity-allowed transitions of rare earth ions [34, 35]. Similar effects probably
contribute to shaping of the excitation features observed below about 195 nm which are related
to the fundamental optical absorption of the host. The onset of the host absorption corresponds
to the formation of perturbed and self-trapped excitons [31, 36] which provide relatively fast
energy transfer to Pr’* ions as demonstrated by domination of fast TW signal. At shorter
wavelength the spectra reveal decrease of intensity along with the development of slower
emission dynamics. This is typically explained in terms of migration losses caused by the
increase of the mean distance between electrons and holes created with the same
photon [37, 38].

3.3. Visible and NIR emission

The visible emission spectrum of 1% Pr’*:YAG (figure 6) consists of manifolds originating
from the Py level, with the exception of two multiplets at 603 and at 690nm assigned to
transitions from the 'D, state.
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Figure 6. Visible emission spectrum of 1% Pr’*:YAG transparent ceramic.
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Figure 7. (a) °P, emission decay profile recorded at 489 nm upon excitation at 465 nm
(circles) and its fit to the Inokuti—-Hirayama dependence (see text). (b) 1D2 emission
decay profile recorded at 612 nm upon excitation at 465 nm (circles) and its fit to double
exponential function with account of the build-up stage (solid line) (see text).

Considering the fact that the resolution of the setup used for the optical excitation
experiments is significantly higher than those adopted for the measurements upon x-ray and
VUV excitation, the spectrum agrees well with the above-presented spectra. The Stark
components of the multiplets are sharp (FWHM of the order of 20-30cm™), as in the
absorption spectrum. The intensity of the P, — °F, hypersensitive transition at 650 nm is low,
compatible with a small value of the £2, Judd-Ofelt parameter [39]. The decay profile of the *P,
emission (figure 7(a)) slightly deviates from the single exponential behaviour. The average
decay time, 7,,, has been estimated using the formula [40]:
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. ft-I(t)-dt
/I(t)~dt

where I(¢) represents the luminescence intensity at time ¢. Its value is 8.1 us, whereas that of the
radiative lifetime g calculated in the frame of the Judd—Ofelt Theory is 10.2 us [39]. The 3P0
state can be depopulated non-radiatively through a Py — 'D, multiphonon relaxation (MPR)
process and/or through cross relaxation processes of the type:

[3P0, 3H4] - [‘G4, 1G4] and [3P0, 3H4] - [IDZ, 3H6] )

that are not fully resonant (the former in particular) and therefore are assisted by phonons.

The energy gap between the *Py and 'D, levels is around 3300-3400cm™" [10] and the
cutoff of the phonon spectrum in YAG is about 820 cm™" [41]. Thus, at least four high energy
phonons are required to bridge the gap between the P, and 'D, levels. The efficiency of the
MPR process should then be lower than that of the cross relaxation. We have tested the
effectiveness of this mechanism by analyzing the decay curve of figure 7(a) using the Inokuti—
Hirayama model for energy transfer in absence of migration [42]:

[ " t3/s]
p()=A - exp ———a(—) (3)
T

T

(1)

where ¢ (1) is the emission intensity after pulsed excitation, A is the intensity of the emission at
t=0, 7 is the lifetime of the isolated donor and s=6 for dipole—dipole (D-D), 8 for dipole-
quadrupole (D-Q) and 10 for quadrupole—quadrupole (Q—Q) interaction. The parameter a
provides information on the probability of the energy transfer process:

a=2 F(l — é)NHRO3 4)
3 s

where " is the gamma function, N, the concentration of the acceptor expressed in ions per
volume and R, is the critical distance. We have fitted the decay curve to equation (3) by
considering a D-D process and taking A, 7 and « as adjustable parameters. The obtained 7 value
is 9.6 us, practically coincident with the radiative lifetime (10.2 us [39]). The critical distance
for the transfer, evaluated by means of equation (4), is about 10 A, which is shorter than the
statistically estimated mean shortest distance between the doping ions in the lattice (17 A). The
:—‘ ratio, which provides an estimation of the quantum efficiency of the involved *P, emission,

results to be 0.79, a relatively high value. On the basis of these results we conclude that the
efficiency of the cross relaxation processes (2) is not very high and probably related to the
existence of Pr’* pairs or clusters. The decay curve of the 'D, emission, reported in figure7(b)
deviates from a single exponential behaviour. The average decay time, 7,,, evaluated using
formula (1) is 91 us, significantly shorter than the radiative decay time, 198 us, estimated by
Malinowski et al [39]. The quantum efficiency is in this case 0.46, i.e. lower than that of the 3PO
level. It can be observed that the temporal profile of figure 7(b) presents a rise time, indicating
feeding from an upper state. It has been reproduced by means of a double exponential plus rise
time function, yielding decay times of 40 and 115 ps and a rise time of 5 us, compatible with the
decay time of the *P, level. For the rest, we infer that the longer decay time can be ascribed to
Pr’* in regular sites, whereas the shorter one pertains to ions located at defect sites, namely in
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Figure 8. NIR emission spectrum of 1% Pr’*:YAG transparent ceramic.

correspondence of grain boundaries, dislocations etc, or in the neighbourhood of other active
ions (pairs, clusters) [43]. The fact that the ‘regular’ decay time is shorter than the radiative
lifetime indicates that the 'D, state is in part depopulated through a cross relaxation process.
The most probable mechanism is:

[lDz, 3H4] N [1G4, 3F4] (5)

which is nearly resonant, being strongly dependent on concentration and hardly influenced by
temperature. Finally, the room temperature emission in the NIR region is reported in figure 8.

All the observed features have been assigned to transitions from the 'D, level, with the
exception of the manifold in the 1300-1500nm range that is ascribed to the 'G,— *Hs
transition [44] and in part overlaps the D, -G, multiplet. The 1G, level is populated through
cross relaxation from both °P, and 'D, state (process (2) and (5), respectively).

The emission channels and the cross relaxation pathways of the investigated material are
summarised in the scheme presented in figure 9.

4. Conclusions.

Fully dense transparent lat % Pr’*:YAG ceramic has been successfully produced by solid state
sintering under high vacuum of spray dried commercial powders shaped by linear and cold
isostatic pressing. The microstructure was examined with the SEM and was found to be
homogeneous and fully crystalline with clean grain boundaries and residual porosity below the
detection limit. The luminescence spectroscopic and dynamic properties have been investigated
in the VUV, UV, visible and NIR spectral regions. All the observed transitions have been
assigned and the decay kinetics of the main emission states have been characterized. To the best
of our knowledge, this is the first report on the spectroscopic properties of Pr**:YAG in form of
transparent ceramic. The comparison with the luminescence characteristics of Pr’*:YAG single
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Figure 9. Energy levels scheme and relaxation processes of Pr’*:YAG transparent
ceramic.

crystals, reported in literature, has evidenced the good quality of the ceramic sample and its
attractive application perspectives, for example in the field of scintillator materials.
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