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Studies on the up-conversion charging of persistent phosphors are of great academic and practical
significance. To date, up-conversion charging designs have been achieved in Cr**, Mn?* and Pri*-
activated phosphors. We herein report, for the first time, an up-conversion charging process in the
Tb**-activated garnet phosphor, GdsGasO1»:Tb>*, using a 488 nm laser as the excitation source. The
delocalized 4f'5d state of Tb*" is excited by absorbing two excitation photons, followed by the charging
of the phosphor. Moreover, spectroscopic investigations reveal that an energy-transfer mechanism
dominates the up-conversion excitation. This work provides an up-conversion strategy for charging

Tb**-activated phosphors, paving the way toward expanding the scope of persistent phosphors with up-
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Introduction

Trivalent terbium ion (Tb**)-activated phosphors have been
extensively investigated so far.'® Much research has been
devoted toward the search for Tb**-activated material systems
as cathode-ray, X-ray and lamp phosphor systems.”™ The
emission spectra of Tb*" in phosphors feature sharp lines that
have been assigned to 4f% intra-configurational transitions,
typically from the °D, state (°D, — F))."* Besides the reported
steady-state luminescence measurements, persistent luminescence
of Tb**-activated phosphors has also been well explored.'>°
For instance, the Tb®>" may exhibit long-lasting emission in
fluoride or oxide phosphors after X-ray irradiation. From an
empirical viewpoint, people always take it for granted that the
high-energy ionizing illumination is necessary for charging
the persistent phosphors containing Tb** ions. However, this
empirical view hinders the development of persistent lumines-
cence. In recent years, studies of persistent phosphors chargeable
by visible or infrared illumination have received considerable
attention because the long-wavelength excitability holds promise
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for many promising applications ranging from afterglow bio-
imaging to “write/read” of optical information.>'>*

Up-conversion charging (UCC) is an alternative approach for
charging persistent phosphors upon visible or infrared
illumination.**° In a typical UCC process for phosphors, the
electron traps are filled via a two-step ionization of the activator.
So far UCC has been achieved in Cr**, Mn>* and Pr**-activated
phosphors.>*° According to the electronic structure and energy-
level scheme, Tb** is also a potential activator ion for achieving
the UCC process. In an appropriate phosphor, the Tb** ion has a
tendency to oxidize and its *D, state acts as an intermediate state
to promote the up-conversion excitation process. Consequently,
searching for appropriate phosphors containing Tb** with up-
conversion chargeability is attractive but challenging.

In this work, we report the UCC performance of a Th*'-
activated garnet phosphor, Gd;Gas0,,:Th*", using a 488 nm
laser as the excitation source. The phosphor exhibits a long-
lasting emission after a two-photon excitation and the
associated ionization. We demonstrate that an energy-transfer
up-conversion mechanism dominates the UCC in the phosphor.
To the best of our knowledge, this is the first study of UCC in
Th*"-activated phosphors.

Experimental
Materials synthesis

To validate the UCC process in the Th**-activated phosphor, we
designed and synthesized a series of garnet phosphors with a
composition of Gd; _,Tb,GasOy, (x = 0.01 — 0.4). The phosphors
were synthesized via a usual solid-state approach and were con-
firmed to the pure garnet phase by X-ray diffraction measurements
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(Fig. S1, ESIf). Any dopant concentration of the phosphor
composition can achieve UCC. Here we focus attention on a
formula of Gd, ;Tb, 3Gas0;,, because among all the compositions
we have prepared, it was the best one for the UCC performance.
Stoichiometric amounts of Y,0;, Ga,O; and Tbh,0, powders were
mixed, finely ground, and then pressed under a 30-ton hydraulic
pressure into pellets of 15 mm in diameter. Subsequently, the
pellets were heated for 3 hours at 1330 °C in air to obtain the
products.

Spectroscopic measurements

Emission and excitation spectra of the phosphor, as well as
afterglow decay curves, were recorded at room temperature by a
modular spectrofluorometer (QuantaMaster 8075-11, PTI), which
was equipped with a CMOS detector (iStar-sCMOS-18U-73, Andor).
Thermoluminescence curves were measured on a TL Reader
(SLO8-L, Rongfan) at a heating rate of 4 °C s~'. The thermo-
luminescence measurement, as well as the afterglow decay, was
conducted by monitoring the Tb>" emission at 543 nm. Before
each measurement, the phosphor was thermally bleached by
heating it at 600 °C. The excitation sources applied in this work
include a 488 nm laser diode, a 375 nm laser diode, a 532 nm
solid-state laser, and a xenon arc lamp. In the present measure-
ments, no optical heating with the phosphor was observed.

Results and discussion

Before the experimental demonstration of the UCC of
Gd, ;Tb, 3Gas045,, let us learn the conventional photoluminescence
and persistent luminescence of the phosphor first. Fig. 1 shows
the corresponding emission spectra, which share a similar spectral
shape. Previous studies on Tb*"-activated gallate phosphors
have assigned the sharp-line emissions to intra-configurational
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Fig.1 Normalized emission and excitation spectra of Gd,;Tbg3GasO1,
phosphor recorded at room temperature. (a) Steady-state photolumines-
cence (PL). Right-hand side: emission spectrum upon excitation at 275 nm.
Left-hand side: excitation spectrum recorded by monitoring the 543 nm
emission. (b) Conventional persistent luminescence (PersL). Right-hand
side: emission spectrum recorded at 60 s after ceasing the 275 nm
excitation. Left-hand side: excitation spectrum obtained by plotting the
PersL emission intensity as a function of the excitation wavelength.
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transitions of Tb>', consisting of the >D, — ’Fg transition at
490 nm, °D, — ’Fs transition at 540-550 nm, °D, — ’F, transition
at 590 nm and °D, — ’F; transition at 620 nm.** Notably, for the
Tb** concentration applied (x = 0.3 in Gd;_,Tb,Gas0;,), emission
from the °D; state is absent.*

Fig. 1(a) (left-hand side) gives the photoluminescence excita-
tion spectrum. It consists of characteristic excitation transi-
tions of Tb**, involving sharp lines between 335 and 385 nm
("F¢ — °D;/°D, transitions), a weak excitation band peak at
310 nm (spin-forbidden (4f%) “F¢ — 4f’5d transition) and an
intense band peak at 275 nm (spin-allowed (4f%) "Fg — 4f’5d
transition).>” Besides, in Fig. 1(a), we observe several sharp
lines superimposed on the 310 nm excitation band. Such lines
correspond to the excitation transitions within the 4f” configu-
ration of Gd**, indicating energy transfer from Gd** sublattice
to Tb**.>* Subsequently, we record the persistent luminescence
excitation spectrum by plotting the afterglow emission intensity
against the excitation wavelength (Fig. S2, ESIT). As shown in
Fig. 1(b) (left-hand side), the persistent luminescence excitation
spectrum covers ultraviolet region from 260 to 320 nm.
The comparison between the two excitation spectra in Fig. 1
indicates that the onset of the electron delocalization energy
(~320 nm) coincides with the onset of the spin-forbidden (4f%)
"F¢ — 4f75d excitation energy, revealing the delocalized char-
acter of the lowest 4f”5d excited state at room temperature.

Taking into account the energy of delocalized state in
Gd, ;Tb, ;Gas01,, the energy-level structure of Tb**, as well as
the long lifetime of the *D, state in the phosphor (2.52 ms, see
Fig. S3, ESIt), a UCC process can be predicted. That is, upon an
intense illumination with the appropriate wavelength, up-
conversion excitation of the Th*" electron into the delocalized
4f’5d state can occur, resulting in electron trapping, as illustrated
in Fig. 2(a). Two approaches may be applied to charge the
phosphor upon excitation into the Tb** 4f® configuration. First,
the °D, state as the intermediate state may be directly populated
under a 488 nm excitation, which fits well the 488 nm excitation
peak [(4f%) "Fg — (4f%) °D, transition of Tb*'] in the phosphor.
Upon the intense excitation, the system may be further promoted
from the intermediate state to the 4f”5d state, which is associated
with electron delocalization at room temperature [Fig. 2(b)].
Second, upon excitation in the °D; state using a 375 nm laser,
the °D, intermediate state may be fed by the *Dj state via a cross-
relaxation process,”" followed by the consequential promotion
to the 4f’5d state. The traps in the phosphor may capture the
delocalized electrons and then gradually release them at room
temperature.

The conceptual UCC process in Gd, ;Tb,3Gas0,, has been
experimentally demonstrated. Upon illumination with a 488 nm
laser (power density, 1 W ¢m™?), the phosphor exhibits UCC-
induced persistent luminescence (UCC-PersL). Fig. 3(a) shows
the UCC-PersL emission spectrum, which has a similar spectral
shape to that of conventional photoluminescence. After ceasing
the laser illumination, the corresponding UCC-PersL decay curve
is recorded, as shown in the inset of Fig. 3(a). Although the
UCC-PersL is detectable by the detector, the decayed emission
intensity is too weak to be clearly observed by the naked eye in

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) Schematic representation of the up-conversion charging (UCC)
approach in Gd,7Tbg 3GasO1, phosphor. Room-temperature delocalized
state is indicated by DS (square frame region in shadow). (b) Persistent
luminescence excitation spectrum, which is same as the one in Fig. 1(b),
but in different coordinations.

the dark (the UCC-PersL luminance at 60 s delay is evaluated to
be around 1.52 med m ™ ?).

To further understand the UCC mechanism of the
Gd, ;Tby3Gas0;, phosphor, extensive thermoluminescence
spectroscopic investigation using a 488 nm laser is conducted,
which may reveal the charging performance of the phosphor.
We measure the thermoluminescence curves with different
excitation parameters, including varied power densities (0.45-
1.2 W cm™?) but a fixed illumination duration of 10 s. The inset
of Fig. 3(b) shows that these curves feature varied emission
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intensities but similar spectral shapes. A typical thermolumi-
nescence curve is composed of two band peaks at 70 and
120 °C. Fig. 3(b) presents the thermoluminescence intensity
() as a function of the laser power density (P). By fitting the
plot, a quadratic dependence (I o P"°') is obtained, providing
strong evidence that the trap in the phosphor is filled via a non-
linear excitation.”® Such a quadratic fit also implies that there is
no saturation effect in the trapping/detrapping process upon
illumination with the present doses.>®

As pointed out above (Fig. 2), besides the 488 nm excitation,
the UCC process of the Gd,,Tb,3;GasO;, phosphor can be
achieved upon 375 nm illumination. Such a UCC process
has been demonstrated upon excitation with a 375 nm laser
(0.4 W cm™2). In this case, the Tb*" ion is initially excited into
the °D; state, which undergoes nonradiative decay to the *D,
intermediate state, followed by a promotion into the Tb*" 4f”5d
state. The corresponding UCC-PersL and thermoluminescence
data are presented in Fig. S4 (ESIt), in which the UCC-PersL
performance agrees with the results presented in Fig. 3(a). The
quadratic relationship between thermoluminescence intensity
and the laser power density (I oc P"°°) indicates that the
present UCC excitation involves two 375 nm excitation photons.

To gain insight into the UCC of the Gd, ;Tb, ;GasO;, phosphor,
we study the mechanism that accounts for the up-conversion
excitation. According to the typical up-conversion excitation
mechanisms of phosphors,* after excitation in the °D, inter-
mediate state of Th*", the system may be further promoted to
the 4f’5d state by energy transfer or excited-state absorption.
As a matter of fact, up-conversion in highly doped phosphor
is often dominated by energy transfer mechanism, whereas
the excited-state absorption mechanism often dominates up-
conversion in a low-doped phosphor.** Accordingly, we prepare
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Fig. 3 Up-conversion charging-induced persistent luminescence (UCC-PersL) and thermoluminescence (TL) of Gd, 7Tbg 3GasO1, phosphor. (a) UCC-
PersL emission spectrum recorded at 60 s after the end of 488 nm laser illumination (1 W cm™~2 for 10 s). Inset shows the UCC-PersL decay curve, which
is measured by monitoring the 543 nm afterglow emission. (b) Laser power density (P) vs. integrated TL intensity (/). The straight line is a quadratic fit
of the data. Inset shows the corresponding TL curves, which are recorded after illuminating the phosphor for 10 s by the laser at different power densities

(0.45-1.2 W cm™).
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excitation (left-hand side) and by the 488 nm laser (right-hand side). (b) TL intensities recorded as a function of the Tb®* content (x = 0.01 — 0.4). The
comparison of the TL intensity dependence implies that an energy transfer up-conversion mechanism dominates the charging process upon illumination

with the 488 nm laser.

samples with different Tb** contents, changing the value of x
from 0.01 to 0.4 (here x is defined by the formula Gd;_,-
Tb,Gas0;,). Firstly, we illuminate these phosphors under
275 nm ultraviolet excitation and record the thermolumines-
cence curves at different Tb*' contents [left-hand side of
Fig. 4(a)]. These curves exhibit a similar profile to that of the
ones recorded after charging by the 488 nm laser. Fig. 4(b)
shows that, upon 275 nm illumination, the thermolumines-
cence intensity reaches a maximum value for x = 0.1, and then
decreases for higher Tb** concentrations due to concentration
quenching. Subsequently, we use a 488 nm laser (1 W cm ™ ?) to
excite each sample and record the thermoluminescence curves
[right-hand side of Fig. 4(a)]. If an energy-transfer mechanism
dominates the UCC excitation, a more efficient energy transfer
is predictable along with a higher Th** concentration. We plot
the thermoluminescence intensity versus the Tb** content for
the system Gd;_,Tb,Gas0,. Fig. 4(b) shows that, upon 488 nm
illumination, the optimum content is at x = 0.3. Such a content
results from a competition between the energy-transfer up-
conversion and the concentration quenching of emission.
The comparison of concentration dependence presented in
Fig. 4 suggests that, upon the 488 nm laser illumination, the
dominant mechanism for UCC excitation in Gd, ;Tb,;Gas04,
involves an energy-transfer step.

Although the energy-transfer is dominant for the UCC in the
Gd, ,Tby 3Gas0,,, it cannot be excluded that excited-state
absorption contributes to the UCC. Subsequently, to testify the
existence of the excited-state absorption, we use a combined
excitation with the 488 and 532 nm laser to illuminate the
phosphor (note that the 532 nm wavelength may be resonant
with the (4f%) °D, — 4f’5d transition of Tb®" but is out of
resonance with the ground-state absorption transition). As shown
in Fig. S5 (ESIT), upon the 488 nm illumination alone, as expected,
the phosphor gives a distinct thermoluminescence signal while

15356 | J Mater. Chem. C, 2022, 10, 15353-15357

the thermoluminescence intensity is slightly enhanced after
exposing the phosphor to the combined excitation (the 488 and
532 nm lasers). The small enhancement of thermoluminescence
intensity results from the two-step excitation by the two lasers.
From the above results, it can be concluded that the excited-state
absorption process is involved in the present UCC process but is
of no importance.

Conclusions

In summary, we have achieved, for the first time, a UCC
process in a Th*"-activated phosphor, Gd, ;Tb, ;Gas0;,, which
exhibits persistent luminescence after illumination with a
488 nm laser. The trap in the phosphor is filled via a non-
linear excitation involving two excitation photons. The work
outlines a fundamental principle to investigate the UCC of
Th*"-activated phosphors. Future research could continue to
expand the scope of phosphor systems with up-conversion
chargeability.
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