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The study presents the results of investigating interconfigurational d— f luminescence in the ultraviolet (UV)
spectral region and energy transfer between rare-earth ions during upconversion in wide-gap compounds doped
with Pr*" ions. Compounds with different crystalline and electronic structures were examined, the Stokes
d—f- and f—f-luminescence of which had been previously studied. UV upconversion luminescence of Pr’*
ions under excitation with a visible-range laser diode was observed in Pr’*-doped crystals with the following
structures: garnet (Y3AlsO12, Lusz(ALGa)sOq, nanocrystals, quaternary Gd;Y»Al,Ga3;O;, ceramic); silicate-
apatite (LiLao(SiO4)s0,); orthosilicate (Y»SiOs, Lu,SiOs); and lanthanum beryllate (La,Be20Os). Furthermore,
in gadolinium-containing matrices (GdiY2Al;Ga3zO1> ceramic and CsGd,F7) under two-photon laser excitation
(450 or 488 nm), resonant energy transfer between excited states of rare-earth ions 4f'54' (Pr**) — Py, (Gd*")
was observed, followed by UV emission at 314nm $P;, — 557/, transition in Gd*>"). This resonant energy
transfer 41'5d" (Pr*") — °P;2(Gd*"), interconfigurational d— f-emission, and multiphonon relaxation of excited
4f154" — 3P, states to 3PJ states followed by Stokes f — f-emission in the visible range are competing channels
for electron relaxation the 4f'5d' (Pr*") excited-state band. A necessary condition for observing upconversion
luminescence is that the energy position of the 4f'5d' (Pr*") excited-state band lies below the conduction band,
fails to exceed twice the energy of the *Hy — P, (Pr’*) transitions, and that the efficiencies of multiphonon

4f15d" — 3P,-relaxation and energy transfer to crystal-lattice defects are low.
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1. Introduction

Up-conversion (anti-Stokes) luminescence (UCL) may be
observed when absorption of two or more low-energy pho-
tons causes emission of a photon with higher energy [1,2].
Such conversion of absorbed energy may potentially be
used in lighting technology, development of hidden marks,
visualization of infrared laser emission, improvement of
solar battery efficiency, optical thermometry etc. [3]. To
record UCL, it is efficient to use impurity ions Er’* since
they have a developed structure of excited electron states
and longer life time of excited state 14 2. Electron
transitions from various excited states form UCL mostly
in the green or red spectral regions. Besides, using a
pair of Er¥*/Yb3* ions enables improving UCL yield due
to the mechanism of subsequent sensibilization, which
presumes absorption of infrared emission with Yb** ion and
subsequent transfer of energy between Yb’* and Er** ions.
The efficiency of energy transfer is significantly affected by
defects of the crystalline lattice, which act as centers of non-
radiative relaxation. Efficiency of energy transfer depends
on certain factors related to both the material of the matrix
(crystalline structure, defectiveness, size, surface effects)
and the properties of impurity ions (qualitative and quan-
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titative compositions of donor-acceptor pairs, cross section
of absorption, quantum yield and kinetics of luminescence
decay). Synthesis of various matrices, determination of
optimal concentrations of alloying impurities, establishment
of the role of crystalline structure defects are the main
objectives for achievement of the maximum efficiency of
energy transfer, improvement of UCL efficiency.

Most recent publications in the journals on optical and
luminescent subjects are dedicated to the study of UCL
in the visible spectral range, using infrared laser diodes,
usually with wavelength of 850 or 980 nm, as a source of
excitation. The main objective of these studies is to improve
efficiency of up-conversion process, which is achieved by
synthesis of new matrices or development of best conditions
for improvement of the energy transfer efficiency between
rare earth (RE) ions [4,5]. At the same time there are
scarce papers on the analysis of the opportunity to observe
up-conversion luminescence in the ultraviolet (UV) range
(UV-UCL) with the radiation of the materials using visible
range photons, and the issue is relevant.

Pr3* ion is interesting due to the specific nature of
the energy position of excited 4f”-states and 4f!5d!-
zone of the mixed electron configuration. In wide-band
dielectric materials doped with Pr3* ions it is possible to
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observe both bright Stokes f—f-luminescence from 3P,-,
ID,-levels or cascade emission of photons from !'So-level
with quantum yield up to two, and quick (7 = 12—20ns)
interconfiguration d—f-luminescence in the UV-range. All
these types of luminescence are determined both by relative
location of 'So-level and 4f'5d'-zone of mixed electron
configuration and also by the efficiency of energy transfer
from the excited states of ions Pr** to centers of non-
radiative relaxation [4]. Population of 4f!5d'-zone of
mixed electron configuration of various RE ions with
two-photon laser excitation shows the possibility of up-
conversion process [5]. However, the most promising
here is using exactly Pr’t ions [6-15]. Besides, using
Pr3* ions in the up-conversion process made it possible
to demonstrate using UV-UCL for multiple applications,
including prototypes of current solar cells, biovisualization,
photodynamic therapy and especially microbial inactivation
and bacteria inhibition [9-11].

This paper searches for and studies UV-UCL with laser
excitation of crystals with different crystalline and electron
structure alloyed with Pr3* ions. The objects of the
study are wide-band crystals and Gd-containing compounds,
alloyed with Pr3* ions, the Stokes luminescence of which
was previously studied in detail by our research group.
These materials are effective quick detectors and converters
of various types of ionizing radiations.

2. Experimental details

Absorption spectra were recorded at room temperature
using a Helios-Alpha spectrometer with yVision 32 soft-
ware. Spectra of Stokes photoluminescence (PL) in the
range of 260—900nm and PL excitation (PLE) spectra in
the range of 230—550 nm were measured using a HORIBA
iXR320 FLUOROLOG spectrofluorimeter equipped with a
cooled CCD camera as a detector and an 450 W ozone-free
Xe-lamp as a source of light. The presented PLE spectra
were adjusted to the equal number of exciting photons using
a calibrated photodiode. The same spectrometer recorded
up-conversion luminescence in UV range of (230—400 nm).
Typical spectral resolution in UV-UCL measurement was
1-3nm, when Stokes PL is measured of not more
than 1nm. The sources of excitation were laser diodes
(Aexe = 405, 450, 490, 505nm, W ~ 100—300mW) in a
combination with a filter KV400 (transmission band above
400nm). The laser emission power was controlled by a
meter of average power and energy of laser emission IMO-
2N. To exclude the influence of the scattered light, a filter
UFS-1 was installed in front of the input slot of the recording
monochromator (transmission band 220—400nm). All
UV-UCL spectra, apart from lanthanum berrylate, were
measured at room temperature. For measurements at low
temperatures, a closed cycle cryogenic system and a high-
vacuum He-cryostat by ,,Trade Engineering (Russia) with
a cryohead RDK-205D2 (Japan) controlled by a thermal
regulator LakeShore 335 were used. Working oil-free
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vacuum 1074 Pa was maintained using a turbomolecular
vacuum pump.

3. Experimental results and discussion

3.1. Interconfiguration d—f (Pr’*) UV-UCL

Lanthanum beryllate single crystals
La,Be, 05:Pr*+(1%) Substantial interest in lanthanum
beryllate arose after the bright effect of stimulated emission
in LayBe;Os:Nd3* [16], and after using this crystal in
solid-state dosimetry of ionizing emissions and as a quick
inorganic scintillator [17]). Crystals grown by Czochralski
method were studied. Data of optical and luminescent
spectroscopy of La;Be,Os:Pr’* were summed up in
paper [18]. Bandgap width E, = 6.8¢V. The state 'Sp
(Pr3*) is located by 1.5V above the zone of 4f!5d!-states.
Therefore the hypothetical transition to the level 'Sq is
fully suppressed by much more intense interconfiguration
transitions 42 — 4f154".

Fig. 1 presents La;Be;Os:Pr’* absorption spectra com-
pared to a pure crystal, spectra of Stokes PL and UV-
UCL, and also excitation spectra of Stokes PL. The ab-
sorption spectrum shows both f—f- and interconfiguration
4f% — 4f15d transitions in Pr’* ions. The Uhrbach edge
of fundamental absorption in a pure crystal is below 230 nm.
The spectra of Stokes PL clearly show radiative f—f-
transitions and wide bands of 4f!5d' — 4f2-emission in
Pr3*. The excitation spectrum of Stokes PL shows that
f—f-PL is efficiently excited when both *P,-states (region
of 440—490nm) and 4f!5d'-states (region 230—270 nm)
are populated. From Fig. 1 it follows that laser 450 nm
excitation provides for transitions from levels H4 of the
main state to the term 3P, of excited state of Pr3*t ion.
Further, there are two processes of two-photon population
of 4f 1541 states, the mechanisms of which are analyzed,
for example, in papers [7,10]. When the excited state
is absorbed (the so called excited state absorption —
ESA-mechanism), Pr3* ion in 3P; state absorbs the other
photon and is excited to zone of 4f!5d'-states. Therefore,
two serial excitation stages are obsered on one Pr’*
ion: 3Hy —3P; — 4f'5d'. When energy is transferred
in the process of up-conversion (the energy transfer up-
conversion — ETU-mechanism), two adjacent Pr’* ions
absorb exciting radiation and change to excited states 3P;.
Then one of these ions non-radiatively returns to the
main state and transfers energy to the adjacent Pr’* ion,
which is excited to a higher 4f!5d'-state. Spectral-kinetic
experiments make it possible to establish the population
mechanism of 4f!5d!-states [8-13]. ESA is a dominating
process of up conversion for low concentration Pr’*, and
ETU is a dominating mechanism for higher concentration
of Pr3t-ions. Since the concentration of Pr3* ions is low,
we believe that in LayBe,Os:Pr3t the ESA-mechanism is
implemented. As a result, UV-UCL is observed as wide
bands that fully correspond to the spectrum of Stokes
4f15d4'—4f2-PL (Fig. 1).
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Figure 1. Single crystal La;Be;Os:Pr’": (@) spectra of absorption and excitation of Stokes PL, (b) spectra of Stokes PL at e = 250 nm,
(¢) UV-UCL spectra at different temperatures at Aee = 450nm (insert — temperature dependence of integral UV-UCL and its
approximation in the field of quenching by Mott’s scattering formula), (d) dependence of UV-UCL yield on excitation density.

Dependence of UV-UCL yield on excitation power is
important in the study of the up-conversion process. Fig. 1,d
shows the dependence of 340nm UV-UCL vyield on the
density of excitation of a laser diode with Aexe = 450 nm.
It is known that intensity of UV-UCL (I) is proportionate
to the nth degree of pumping power (W), where n —
number of photons necessary to obtain one photon of
up-conversion. Value n may be determined from the
inclination of the linear curve of dependence I = f(W) in
double lg-coordinates. The calculated value of inclination is
2.02 4 0.04 (R? =0.999), which means that two exciting
photons of visible range participate in the process of up-
conversion.

UV-UCL spectra at different temperatures when excited
by a laser with A =450nm are shown in Fig. 1,c. If
temperature goes below 190 K, the maximum of the long-
wavelength band shifts to the long-wavelength region, and
~ 25% reduction of integral UV-UCL yield is observed. At
temperatures above 200K the integral yield of UV-UCL
decreases. Temperature dependence of UV-UCL yield in
this region is approximated well by the available Mott’s
formula with activation energy of 314 meV, which describes
the competition of radiative and non-radiative electron
transitions (Fig. 1,¢, insert, red line). Therefore, one
may presume that as temperature goes above 200K, UV-
UCL quenching is caused by the growth of probability of
energy transfer from 4f15d! (Pr3*) states to defects —
centers of non-radiative relaxation, or, in the second case,

this effect comes from competition between UV-UCL and
relaxation of metastable excited state P by radiation and
non-radiative transitions [19].

Crystals with garnet structure Crystals with garnet
structure doped with Pr3* were one of the first with the
recorded UV-UCL [6]. Therefore, in our experiments
the reference was commercial yttrium-aluminum garnet
Y;Als00: PR, doped with 1% Pr. Fig . 2 presents the
spectra of absorption, Stokes PL, UV-UCL, and also the
UV-UCL excitation spectrum measured using a Xe-lamp.
The absorption spectrum clearly shows both f—f- and
interconfiguration 4f2 — 4f!5d"-transitions. The Stokes
PL spectra show radiative f— f-transitions and wide bands
of emission 4f15d' — 4f2 (Pr’*). The UV-UCL spec-
trum in the range of 270—410nm under laser excitation
Aexe = 450nm fully complies with the spectrum of Stokes
PL. The UV-UCL yield is quite high, which made it possible
for us to observe UV-UCL even with the use of a Xe-lamp
as a source of excitation and to do the measurement of the
UV-UCL excitation spectrum. Note that in the literature
such UCL excitation spectra using gas discharge sources
of light are not presented. This spectrum is shown in
Fig. 2,a compared to the absorption spectrum. A clear
correlation of peaks is seen in the excitation spectrum
of UCL and position of excited *P;- and 'Ds-levels of
Pr’* ion in the absorption spectrum. The wavelength

Optics and Spectroscopy, 2026, Vol. 134, No. 4
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Figure 2. Single crystal Y3AlsO12:Pr*": (a) spectra of absorption and excitation of UV-UCL, (b) spectra of Stokes PL (280—560nm) at

Aexe = 260 nm and UV-UCL (laser, Aexe = 450 nm).

of 450nm corresponds to the population of excited 3P,-
states. Subsequent quick relaxation to the level 3P and two-
photon absorption provide for implementation of the ESA-
mechanism for population of the zone of 4f!5d!(Pr’*)-
states. At the same time, when the !D,-state was excited,
we observed a very weak UV-UCL (at the level of not
more than ~ 1% from intensity of UV-UCL with excited
3P, states). This confirms that in Y3AlsO;p:Pr3* the two-
photon excitation of the level 'D, provides for population
of 4154 (Pr3*)-states. The possibility to implement such
process depends on the position of the zone of mixed
4f15d! (Pr**)-configuration.  Detailed discussion of the
participation of 'D; level in the up-conversion process in
different matrices is analyzed in paper [15].

Anti-Stokes d—f-PL in Lu3AlsOy,:Pr3* crystals (1% Pr)
with garnet structure was studied in detail in the tempera-
ture range of 80—500K in paper [20]. Based on these data,
we studied UV-UCL in Lu3AlLGa; O Pr3* micropowders.
Fig. 3 shows the spectra of Stokes PL in the area of
f—f (450—720nm) and d—f (250—400nm) transitions,
for comparison, the UV-UCL spectrum is shown under laser
emission of (Aexe = 450nm). The spectra are measured in
the same unit with the same spectral resolution. You can
see that they correlate well in the area of d— f-transitions.
At the same time the shape of the UV-UCL spectrum
differs in the long-wavelength region. Therefore, it follows
that interconfiguration transitions from the 4f'5d'-zone of
mixed electron configuration to the levels of 3H; main state,
forming the Stokes luminescence and UV-UCL, happen
with different probability or are observed from various
4154 -states of the zone of mixed electron configuration.

Crystals with the structure of orthosilicate
Y,SiOs:Pr3t crystals with orthosilicate structure were one
of the first, where UV-UCL was found using Ar*-laser
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(Aexe = 488nm) as the source of excitation [7]. In this
paper, dependences of UV-UCL on pumping power were
measured for crystals with different concentration of Pr**,
and the conclusion was made that at low concentration
the ESA-mechanism was dominating in the up-conversion
process, and the mechanism with energy transfer (ETU)
was relevant at a higher concentration Pr3* (1mol% and
above). Spectroscopy with time resolution was used to
distinguish between ETU and ESA. UV-UCL kinetics under
pulse excitation with a 488 nm laser contains the exponential
nanosecond attenuation, but without the build-up stage. This
made it possible to exclude the ETU-mechanism in the
process of up-conversion in Y,SiOs:Pr** (1% Pr) [7,10].

Based on these data, to study UV-UCL in the crystals
of orthosilicate, a nanocrystalline Lu,SiOs:Pr3* (1% Pr)
synthesized with sol-gel-method was selected. Nanocrys-
talline X2-LSO:Pr** is included in a new class of nanosized
optical materials with potential applications in scintillators
and X-ray phosphors. Spectroscopic data, characteristics of
this nanocrystal (average grain size ~ 45nm) are described
in detail in paper [21]. Fig. 4,a shows the spectra of
Stokes PL in the region of d—f- and f— f-transitions,
and also UV-UCL spectra of Pr’*-ion. The intense UV-
UCL 1is observed at laser excitation with Ae. = 450 nm.
The spectrum of Stokes d—f-PL and UV-UCL spectrum
cover one spectral region, however, the shape of spectra
in the long-wavelength part slightly differs. As in the
crystals with the garnet structure, this fact may indicate that
4f154" — 4f2transitions forming the Stokes luminescence
and UV-UCL, originate from various states of 4f!5d'-zone
of mixed electron configuration. Another possible reason
for the long-wavelength shift of the spectrum is the effect of
reabsorption (reabsorption with Pr>* ions), the possibility of
which was specified in the study of UV-UCL in the crystals
with the garnet structure [20).
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Figure 3. Single crystal LusAl,Ga;Op:Pr’*:  spectra of

Stokes PL at Acxe = 260 nm and UV-UCL when excited by laser
Aexe = 450 nm.

Crystals with apatite structure The example selected
for the link to the crystalline structure of apatite was
LiLag(SiO4)60, (LLSO), doped with 1% Pr. Detailed infor-
mation on the luminescent spectroscopy and characteristics
of the crystalline structure are described in detail in our pa-
per [22]. LLSO is included in the family of alkaline/alkaline-
earth double silicates that contain trivalent RE-ions, and
is characterized by crystalline structure of apatite and
general formula AREg(SiO4)sO, (A — alkaline metal) or
AE,RE3(Si04)0; (AE — alkaline-earth metal). One of the
most attractive features of LLSO and other RE-oxyapatites
that makes them promising for various applications is related
to the ability to include trivalent impurity RE-ions without
the need to compensate the charge. This enables growing
large bulk crystals doped with optically active RE ions at
high doping concentration. The structure of LLSO apatite
is characterized by the presence of two coordination ge-
ometries for cation positions. The first position is occupied
exclusively by La3*, coordinated with seven oxygen ions,
forming a distorted pentagonal bipyramid (positions 6#),
whereas the second one is occupied partially with La’*
(75%) and Li* (25%) ions in the random distribution and is
nine-coordinated (positions 4f) [22]. This partial structural
chaos causes excitation of the crystalline field around RE-
ions that substitute La’* in both positions, and noticeably
expands the spectral lines of f— f-transitions even at low

temperature.
In similar crystals with apatite structure UV-
UCL 4f'5d' — 4f> was studied previously in

LiYy(SiO4)s02:Pr** powders synthesized with the sol-gel
method using various concentrations of Pr3* (0—2%) [14].
Indeed, two different types of PL centers Pr’* were
identified, which substitute Y ions in two different lattice
pointd: 4f and 6h. Pr’* ions in 4f point show only

f—f-emission, whereas ions in point 64 have PL mostly in
the UV-range. Mechanisms of up-conversion were analyzed
with account of Pr3* concentrations and excitation mode. It
was found that in LiYo(SiO4)sO0:Pr3* the ESA-mechanism
is the main one in the process of up-conversion [14].

The spectra of Stokes PL and excitation spectra of d—f-
luminescence LLSO:Pr3* (1% Pr) are presented in Fig. 4,
and 4, c¢ accordingly. The spectrum of Stokes PL contains
a group of wide bands in the UV-region corresponding
to interconfiguration d— f-luminescence Pr**, and a set
of intense lines in the visible area, corresponding to the
intraconfiguration f — f-transitions (not shown in the figure).
As shown above [22], the position of the excited 4f!5d!-
states of Pr3*-ions in LLSO:Pr3* depends strongly on the
local coordination environment, as a result of which the
PL spectrum shows Pr’* ions that occupy two inequivalent
crystallographic positions instead of La’* ions. Long-
wavelength overlapping bands centered at 330 and 305 nm
correspond to PL of Pr3* ions occupying the 4f-position
instead of La’" ions. Short-wavelength bands of 300
and 260nm correspond to PL of Pr’* ions occupying
the 6h-position. Similar pattern is observed in LLSO:Pr’*
crystals with lower concentration of the activator (0.1% Pr).
PL excitation spectra for each pair of UV-bands differ
significantly (Fig. 4,¢). As it follows from the excitation
spectra of d— f-luminescence, two-photon excitation with
the UV-UCL laser at Aexc = 450 nm provides for population
of excited 4f!5d'-states of Pr’* ions in each position.
However, the emission band in the UCL spectrum is
centered in a shorter-wavelength region. Therefore, it may
be concluded that in the process of up-conversion the d—f-
emission of Pr3* ions is observed, which occupy mainly
the 6h-position. This conclusion agrees with the result of
the UV-UCL study in LiY9(SiO4)O2:Pr3* crystals having
similar structure of apatite [14].

As shown above, the spectrum of Stokes PL at
Aexe = 450nm  contains lines of f—f-transitions in the
region of 460—750 nm. They are fully identified as electron
transitions in Pr3* ion. However, these lines are noticeably
wider compared to the PL spectra in the region of f—f-
transitions in the compounds studied above or compared to
the literature data. As noted in [22,23], this is specific for
the crystals with the apatite structure doped with various
RE ions. The partial structural chaos causes excitation of
the crystalline field around Pr3* ions in both positions that
unevenly expands the lines of f— f-transitions even at low
temperature.

3.2. Transfer of energy Pr’** — Gd3* in process of
up-conversion in Gd-containing compounds

As it was shown in a very limited number of papers (see
for instance [8,12,24]), in Gd-containing matrices doped
with Pr3* ions, it is possible to observe UV-UCL of
Gd** ions under laser double-stage excitation of Pr’* ions
in the visible spectral range with wavelength of 450 nm.
Interconfiguration transitions 42 — 454" in Pr** overlap

Optics and Spectroscopy, 2026, Vol. 134, No. 4
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with electron transitions 857/, — 1;, ®D; in Gd**, which
may cause efficient resonant transfer of energy. Therefore,
f—f-PL of Gd** ions excited with visible light in process
of up-conversion may be observed.

Ceramics Gd,Y,Al,Ga;0,, doped with Prt ions

To study the efficiency of Pr3* — Gd** energy transfer
in process of up-conversion, the samples of quaternary
ceramics Gd;Y,Al,Ga3; O, with garnet structure were cho-
sen doped with Pr3* ions. The synthesis, the method of
transparent ceramics production, certification of samples,
the data of X-ray diffraction analysis are described in
papers [25-28]. The results of the study of Stokes lumi-

nescence at various types of excitation are also presented
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here, high efficiency of energy transfer between RE ions
is proven, and it is shown how to apply this scintillatory
ceramics to detect X-ray, gamma- and neutron radiation.

Fig. 5,a shows a fragment of the spectrum of Stokes
UV-PL at the intracenter excitation of Gd** ions by
photons with Aex. = 272nm (transitions 857/, — ©I;). The
PL spectrum contains the main narrow intense line 314 nm
(transition ®P7/; — 857/, in Gd*') against a weak wide
band centered in the region of 330nm. This band corre-
sponds to radiative interconfiguration transitions from the
region of mixed electron configuration to the main state of
Pr3* 4f15d' — 4f2 ion. Indeed, the PL excitation spectra
compared to the absorption spectra show that the line of
314nm, as well as the wide band of 330nm, are excited
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Figure 6. UV-UCL spectra Gd;Y,Al,Ga3012:Pro o1 under two-
photon excitation with a laser diode of 450 or 488 nm.

exclusively in the area of electron transitions 4f2 — 4f154"
(Pr3*) (Fig. 5,b). In the visible spectral range the
PL spectrum at Aexe = 272nm (not shown in the figure)
contains a typical group of narrow lines corresponding to
the radiative transitions from 3P;-, 1D,-states of Pr3t ion.
The absorption spectrum (Fig. 5,b) shows the presence
of intraconfiguration f— f-transitions in Pr’* ions (region
of 600nm and 450—490nm), in Gd>* ions (region of
310nm), their position fully corresponds to the available
Dicke diagram. Intense absorption in the region of 290 nm
is related to interconfiguration f —d-transitions in Pr3* ions.
The observed electron transitions are shown in the figure.

Fig. 6 shows UV-UCL spectra of Gd; Y,Al,GazO1,:Pro.01
when excited by a laser diode with wavelengths of 450
or 488nm. As in the spectrum of Stokes PL, in the
UV-UCL spectrum the intense line of 314nm dominates,
which corresponds to electron transitions ®P7,, — 857,
in Gd** ions. This is the result of energy transfer from
4f154 -states of Pr’* ion to excited °I;-, ®Dj-states of
Gd** ion. The schematic diagram of energy levels of these
ions and corresponding electron transitions in absorption
and emission are shown in Fig. 7.

It should be noted that UV-UCL yield depends on the
gadolinium concentration within the matrix. The highest
yield is achieved at the ratio of Gd/Y =1/2. It is
important that the same result is observed at the direct
intracenter excitation of 4f!54! (Pr’*) states by photons
with Adexe = 272nm (3872 — ®I;-transition to Gd*"), when
314nm Stokes emission is recorded, or even in the X-
ray luminescence spectra. Therefore, the UV-UCL yield
depends not only on the energy transfer between RE
ions, but ont he probability of radiative electron transitions
6P7/2 — 857/2 (Gd3+)

The intense 314nm line in the UV-UCL spectrum is
observed against a weak wide band, which corresoponds
to interconfiguration 4f15d' — 4f2-transitions in Pr’* ion.

Apart from this wide band, both in the spectrum of Stokes
PL and in the UV-UCL spectrum, there is a 380 nm line,
its position along the wavelength absolutely corresponds to
the radiative transitions >D3 — 7Fy in Tb®>* ions present as
uncontrolled impurity in the initial components (precursors)
at synthesis of ceramics. Energy transfer Gd** —Tb**
is investigated well in the studied ceramics, and its high
efficiency is confirmed [25-27]. Therefore, to study the role
of coactivators in process of up-conversion, the dependence
of UV-UCL yield was studied using the example of the
samples doped with Ce3* or Tb3* ions. The concentration
of coactivators was permanent (Ce’* — 001, Tb3* —
0.1 formula units (fu.)), and concentration of Pr’* varied.
In samples with low content of ions Pr’* (1072>—10"2fu.)
no UV-UCL was observed. UV-UCL (314 nm line) with a
very low yield was observed only when the concentration
Pr3* increased to 0.1 fu. Therefore, when coactivators were
added, the UV-UCL yield was either totally unavailable or
dropped sharply. This is related to high efficiency of energy
transfer of Gd3* — (Tb3*, Ce®") in the studied ceramics,
as it is shown in the study of Stokes luminescence [16].
Therefore, in case of laser excitation 450 nm in process of
up-conversion a serial energy transfer between RE ions is
implemented: Pr** — Gd** —Tb*", Ce’*. L e. in the
presence of the coactivator, an alternative channel of excited
states 3P; (Pr’") relaxation arises. At the same time it
seems there is a simpler mechanism that exists to quench
UV-UCL with the introduction of a codopant. It consists
in the fact that the emission of 450 nm laser is absorbed
directly by Ce** or Tb3* ions (intracenter f—d- or f—f-
transitions, accordingly). They have the absorption bands in
this region [29], therefore, the efficiency of 4f!5d4! (Pr’*)
state population drops.

Ratio of intensity of 314nm line and wide UV-band
depends on the wavelength of excitation with 450 or 488 nm
laser of the same capacity (Fig. 6). When excited by 488 nm
laser, the integral yield of the wide PL band measured in the
range of 315—378 nm, is 1.7 times lower than when excited
with 450 nm laser. Absorption of 450 nm corresponds to the
electron transition 4% — 3P,, and then relaxation appears
by 3Pg-states, and when the second photon is absorbed,
the ESA-mechanism of the up-conversion process, as shown
in the diagram of electron states of ions Pr3* and Gd3*
(Fig. 7). 488 nm absorption corresponds to the electron
transition 4f2 — 3Py, and when the second photon is
absorbed, the ESA-mechanism of the up-conversion process
is being implemented. Besides, you may not exclude the
participation of the excited levels 'D, (Pr**) in process
of up-conversion, and such possibility is available in [15].
In any case two-photon excitation provides for occupation
of electron states of the 4f!5d'-region of mixed electron
configuration, which follows from the observed UV-UCL
spectra and additionally from the spectra of Stokes PL
excitation (Fig. 5, ). But at excitation of 488 nm contrary to
450 nm excitation, the lower states of 4f!5d'-zone are pop-
ulated. This changes the probability of electron relaxation
from excited states 4f'5d! along three competing channels:

Optics and Spectroscopy, 2026, Vol. 134, No. 4



UV luminescence and energy transfer during upconversion in wide-gap... 327

50 F
I 1So
k 6
40 4f15d1 — : Dy
- | _ — %WJ
g i £ P32,52.772
<30 = =
T K
S Hi <
X EEO S
> st 3P 10 .
%‘)20- i1 tii i >
LS B | lDz
- B HiE é‘ £ g EE EE
2 2 g3 S ol 8 gl 2
10 N < @ 1G4 hA ANl N Al o
.
s Ty Fain
1 |
0F X Hosa L 112
Pr3* UV-UCL Gd*
excitation

Figure 7. Schematic diagram of electron states of Pr*" and Gd*' ions and corresponding electron transitions in absorption and emission.

resonant energy transfer 4f15d" (Pr’*) to excited states
Gd**, interconfiguration 4f!5d' — 4f2 UV-luminescence
and multi-phonone relaxation 4f'5d' — 3Py — D, with
subsequent Stokes f—f-emission in the visible spectral
range. Excitation spectra of 314 nm line and wide band in
the region of 330 nm compared to the absorption spectrum
are shown in Fig. 5, b. A clear correlation of these spectra is
observed. L.e both emission bands are excited exclusively in
the region of interconfiguration 4f2 — 4f!54-transitions.
This proves that Stokes PL of Gd** and emission of Gd**
as a result of the process of up-conversion are the result of
energy transfer 4f15d" (Pr3*) — °P,, °1;, 6D, (Gd**).

Further we measured the dependence of the UV-UCL
on the laser excitation wavelength. At the same power
of the laser, UV-UCL yield at Adexc =450 or 488 nm is
practically same, whereas at Acxc = 405nm it is below 1%,
at Aexe = 505nm — less than 0.1%, and at Aexc = 512nm
UV-UCL not observed. @ Compared to the absorption
spectrum (Fig. 5,b) it indicates that the occupation of
excited states 4f!5d" (Pr3*) happens exclusively via levels
3P, (Pr**) (electron transitions *Hy — 3P;).

Ratio between intensity of UV-UCL at 314nm wave-
length and pumping power of the laser with Aexc = 450 nm
as shown in Fig. 8. The estimated value of inclination
n=2.05+0.07 (R?> =0.999), this means that two pho-
tons participate in the process of up-conversion. At the
same time for Stokes f—f(Pr*")-luminescence (transition
'Dy — 3Hy) the value is n=1.034+0.07 (R?>=0.999),
which corresponds to linear single-photon process of
Stokes PL excitation.

Crystals of fluorides, oxides, phosphates The up-
conversion process is efficient in fluoride matrices doped
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Figure 8. Dependences of UV-UCL yields (314nm) (curve /)
and Stokes PL (transition 'D, — *Hy) (2) on power of excitation
with laser 450 nm in Gd;Y,Al,Ga3O1,:Pro 1.

with Pr3* [12,13] ions. For the example to study UCL
in fluorides, a mycrocrystalline CsGd,F7:Pr3* (2% Pr) was
chosen. Spectroscopic properties, dosimetric characteristics
at various concentrations Pr3* are studied by us well
in [30,31]. And here the method of synthesis, crystalline
structure are described, the results of the website-selective
f —f-luminescent spectroscopy. The spectrum of Stokes PL
when excited by a laser with Aexc = 450 nm is characterized
by a set of narrow lines corresponding to intraconfiguration
f —f-transitions from 3P(- and 'D;-states Pr’*. In the UV-
UCL spectrum a 314nm line appears, which corresponds
to electron transitions P7/, — 857/, in Gd*". L e. there is
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energy transfer 47154 (Pr**) — ®P7,, (Gd3") observed.
However, the UV-UCL yield is very low relative to
Stokes f—f-luminescence. It may be presumed that two-
photon 450nm laser absorption excites only the lowest
states of 4f15d!-region, the efficiency of energy transfer
between RE ions is low against efficient relaxation of
4f154' (Pr**) — 3Py, 1D, with subsequent f — f-emission.
Indeed, as shown in [32], the beginning of the band of
4f?% — 4f15d transitions in the spectrum of CsGd,F7:Pr’*
fluoride absorption is located near 220nm, therefore in
the PL spectrum there are only transitions °P7,, — 357
in Gd** ions, while the interconfiguration transitions are
unavailable [32]. This is confirmed by the studies of UCL
and in fluoride K,GdFs :Pr3*. We found no UCL in this
compound. Indeed, as the studies of ,,quantum-cutting” [33]
show, the region of states 4f!5d" (Pr3*) in K,GdFs:Pr** is
in a shorter-wavelength region — below 230 nm.

Thorough search for UV-UCL was carried out in some
other wide band compounds doped with Pr3* ions.

BisGesO1; (BGO) single crystal was selected from
oxides. This is a known scintillatory crystal, its opti-
cal properties are well-studied [34,35]. The BGO:Pr**
crystals at Aexc = 450nm clearly show the specific f—f-
luminescence, the spectra of the measured Stokes PL of
Pr3* ions correspond to the data of paper [36], however, we
found no UV-UCL. Absorption spectra show that 4f!5d'-
region of states of mixed electron configuration in BGO is
above the energy of interregional transitions (E, = 4.8eV
at room temperature [35]), i.e. is in the conduction band.
Evidently, such situation is typical for other oxides with
relatively low energy E,.

Data of PL spectroscopy of SrF, crystals doped with
RE ions are known well [37,38]. We conducted search
for UV-UCL in SrF, crystals codoped with 0.1% Pr
and 0.01% Gd, grown using the method [37,38]. At
Aexe = 290nm (intracenter f —d-absorption in Pr*) Stokes
d—f-PL, intense f—f-emission Pr’*, and also a weak
line of 313nm from Stokes PL of Gd*>*. However, we
found no UV-UCL under laser excitation of 450 nm. We
can presume that the efficient relaxation channel 4f!54!
(Pr3*) — 3Py, 'D, prevails, and d—f-luminescence may
have yellow yield.

Search for UV-UCL was conducted in some phos-
phates — Ki3Lu(POy),, KLuP,07, LiSrPO4, doped with
Pr3*.  These compounds show intense d—f-radio lu-
minescence in the UV-region with the quenching time
10—20ns, and they are promising as scintillatory materials
and effective radiation converters.  The spectroscopic
data, synthesis and characteristics of these comppunds are
described in [39-41]. Howerver, UV-UCL was not found
at laser excitation of 405 or 450 nm. Based on the studied
d—f-PL excitation spectra, it should be concluded that in
these phosphates the wavelength of laser excitation is not
sufficient to populate the area of excited 4f!5d"-states.

4. Conclusion

The results of the study of interconfiguration d—f-
luminescence in the UV-region of the spectruim when
excited by a laser diode (450 or 488nm) in process of
up-conversion in the wide-band compounds doped with
Pr3* ions show that the process of two-photon absorption
is being implemented. Such process is most efficient in
crystals with the garnet structure, somewhat less efficient
in crystals with the apatite, orthosilicate structure or in
lanthanum beryllate. In Gd-containing matrices (in ceramics
Gd;Y,Al1,Ga30; and fluorides doped with Pr”) ions at
laser two-photon excitation (450 or 488nm) a resonant
energy transfer is observed between excited states of RE
ions 4f15d! (Pr**) — P/, (Gd3*) with subsequent UV-
radiation 314 nm (transition ®P7/, — 857/, in Gd**). Such
resonance energy transfer 4f15d! (Pr**) — P, (Gd*),
interconfiguration d—f-PL and multi-phonin relaxation of
excited states 4f'5d' — 3P, with subsequent Stokes f—f-
emission in the visible spectra range are competing channels
of electron relaxation from the region of excited states
4f15d4" (Pr3*). The process of up-conversion is most effec-
tive with energy transfer in ceramics Gd; Y,Al,GasO 2P,
which is of interest for real practical applications.

Search for UV-UCL in certain oxides, fluorides, phos-
phates (sometimes with a negative result) shows that the
necessary condition for observation of UV-UCL is the
energy position of the area of excited states 4f!5d" (Pr3+)
below the conductance band not exceeding double energy
of *Hy — 3P, (Pr**)-transitions, and also low efficiency of
multi-phonon relaxation 4f!5d! — 3P;, 'D; and transfer of
energy to defects of crystalline structure.
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