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Abstract: Y;AlLGa;0,,:Ce,Cr** (YAGG:Ce3+,Cr3+), as a persistent luminescent material, has advantages of high
initial luminescence intensity and long persistent time, which is promising in persistent luminescent material
applications. At present, YAGG:Ce'',Cr’" powders exhibit good persistent performance, but their persistent
performance of ceramics still needs to be further improved to meet the new requirements. In this work,
(Y0.998Ce0.002)3(Al,_,Cr,),Gaz;0;, ceramics with different crt doping concentrations were prepared by solid-state
reaction, including air pre-sintering, hot isostatic pressing (HIP) post-treatment and air annealing, to investigate the
effects of Cr’* doping concentration on the microstructure, optical properties and persistent performance of the
ceramics. The results showed that as the doping concentration of Cr’" increased from 0.025% to 0.2% (in atom), no
significant effect of Cr’" concentration on the morphology of pre-sintered ceramics or HIP post-treatment ceramics
was observed, but the in-line transmittance gradually increased while the persistent performance gradually decreased.
Among them, YAGG:Ce%,Cr3+ ceramics doped with 0.025% Cr*" showed the strongest initial luminescence intensity
exceeding 6055 mcd/m” and a persistent time of 1030 min after air pre-sintering combined with HIP post-treatment
and air annealing. By optimizing the Cr’* doping concentration and the fabrication process, the persistent
luminescence (PersL) performance of the YAGG:Ce*",Cr*" ceramics was obviously improved.
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PersL is defined as a luminescence phenomenon
observed for several minutes or even hours after removal
of the excitation sources!'”. The unique phenomenon is
probably caused by the mechanism of charge carrier
trapping and de-trapping processes in PersL materials?® %131,
Due to the unusual optical properties, PersL materials
have been widely applied in the fields of decoration,
emergency lighting, optical storage and so on'® '"*'7,
Higher performance and stable properties of PersL
materials are required for applications in harsh
environments, such as high temperatures and high
humidity. Compared with the powders, the PersL
transparent ceramics exhibit more stable chemical
properties and higher PersL efficiency!'"". Due to high

transparency, the deep penetration of excitation light in

ceramics can excite more emitting centers, leading to
higher optical efficiency!**2%.

Since the discovery of excellent SrAlL,O4:Eu®',Dy*"
persistent phosphors in 1996, many new persistent
phosphors, showing PersL with different colors in the
visible region, have been synthesized and rapidly
replaced the ZnS-based persistent phosphors in the
commercial application®**"** Among them, the garnet
is one of the most widely studied compounds for the host
matrix of persistent phosphors>%. The general formula
of the garnet is A3B,C;01,, and the A, B and C cations
can be partially or even completely replaced by the
dopant ions, which gives garnets remarkable flexibility in
tuning and optimizing the luminescence properties for
specific applications™® ** 3" ¥ In addition, almost all
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cations of the garnet are trivalent, and there is no
problem of charge mismatch when doped with trivalent
rare earth ions and transition metal ions. Moreover, it
was found that the trap depth could be tuned by the
replacement of AI’* by Ga®" because of the band gap
changes with the Ga/Al ratio. In general, compared with
PersL powders, the PersL ceramics exhibit higher PersL
intensity and longer PersL time because of higher
crystallinity, larger grain size, and fewer surface
defects!!”: 2425 3437], Recently, Y;Als_,Ga,0,:Ce,Cr (x=0,
1, 2, 2.5, 3, 3.5, 4 and 5) PersL ceramics have been
studied, and the results showed that the decreasing band
gap energy with increasing Ga®" content has a significant
impact on the PersL intensity of Y;Als ,Ga,O,:Ce,Cr,
which exhibited the highest intensity at room temperature
for the Y;ALGa;0p, (YAGG) stoichiometry™ %39,
However, the YAGG:Cr®" PersL material cannot achieve
PersL after the excitation by blue light, because the
energy of blue light is not enough to promote the
electrons of Cr’" to the conduction band, and then no
charge trapping and de-trapping process
happens . In order to solve this problem, Ce*" is
usually selected as co-dopant ion to increase the
absorption cross-section in the blue light region. For the

carrier
[40-41]

YAGG:Ce™",Cr’" persistent luminescent material, the
electrons of Ce’" can be excited to the conduction band
and then captured by the traps. After switching off the
excitation source, the captured electrons may return to
Ce®, and then the PersL energy transfer happens from
Ce*" to Cr'', leading to PersL in YAGG:Ce®',Cr* 14142,
In addition, compared to luminescent powders, ceramics
exhibit higher PersL intensity and longer PersL time. The
YAGG:Ce™",Cr’" ceramics with excellent persistent
performance can rival commercial SrAl,0O, ceramics and
are used in safety signage applications, such as
emergency exit signs in buildings and guiding strips in
aisles of airplanes®®!.

Increasing the concentration of the emitting centers is
an effective way to improve the luminescence intensity.
However, when the concentration of the emitting centers
is too high, luminescence quenching (or concentration
quenching) may occur due to the interactions between
the emitting centers, such as excited state absorption and
cross relaxation!*?,
transferred from one emitting center to another and
eventually to an imperfection which may work as an
energy sink, leading to nonradiative transition and reduced
luminescence intensity'**!. For the YAGG:Ce’" Cr’*
PersL ceramics, the influence of Ce*" concentration on

The excitation energy may be

the luminescence intensity has already been investigated.
The results indicate that luminescence quenching occurs
when the Ce’* concentration exceeds 0.2%*%!. In order to

obtain the optimal concentration of Cr’* to improve the
luminescence intensity, the effect of Cr’" concentration
on the optical properties of the YAGG:Ce*",Cr’" PersL
ceramics was also systematically investigated.

In this work, the YAGG:Ce*',Cr*" PersL ceramics
containing different concentrations of Cr*’, were fabricated
by solid-state reaction method. The influences of Cr’*
concentration on the crystalline structure, micro-
morphology and optical transmittance of YAGG:Ce®",Cr’*
PersL ceramics were investigated, and the effect of Cr**
concentration on the PersL intensity was also studied.
The results showed that when the Cr’* concentration was
0.025% (in atom), the ceramics exhibited the strongest
PersL intensity. With a further increase of Cr’" amount,
the PersL intensity showed a slight reduction due to

energy transfer from Ce*" to Cr’".

1 Experimental

Commercial powders of Y,0;3 (Shanghai Sinian Metal
Materials Co., Ltd., 99.999%), Ga,0; (Shandong Jining
Zhongkai New Materials Co., Ltd., 99.995%), a-AL,O;
(Hangzhou Zhongtianli New Materials Co., Ltd.,
99.99%), CeO, (Fujian Changting Jinlong Rare Earth Co.,
Ltd., 99.99%) and Cr,0O; (Xiamen Jiuyao Tongchuang
New Materials Co., Ltd., 99.99%) were used as raw
materials. The (Y.998Ce0.002)3(Al;_Cr,),Ga3;01, (x=0.025%,
0.05%, 0.1%, 0.2%, in atom) PersL ceramics, indexed as
YAGG:Ce*",Cr’" below, were fabricated by the solid-
state reaction method, and more detailed information can
be found in the previous work!*. The green body was
pre-sintered at 1650 ‘C for 20 h in air followed by HIP
post-treatment at 1550 “C for 3 h under 176 MPa in Ar.
The YAGG:Ce*',Cr’" PersL ceramics were annealed at
1250 ‘C for 5 h in air and then polished on two sides
(2.1 mm in thickness) for further characterization.

The crystalline structure of the samples was analyzed
by X-ray diffraction (XRD) method (Cu Kal radiation,
4=0.15405 nm, Bruker D8 Focus). The field emission
scanning electron microscopy (FESEM, Hitachi SU8220)
images were acquired to study the surface morphology of
the YAGG:Ce*,Cr'* PersL ceramics. The
transmittance of the ceramics was measured by a Cary
5000 UV-VIS-NIR spectrophotometer (Varian Inc., USA).
The photoluminescence (PL) spectra were recorded by a

in-line

fluorescence spectrophotometer (F-4600, Hitachi, Japan).
PersL properties including PersL initial intensity and
duration were recorded by a PR-305 PersL tester (SanSe,
Zhejiang, China) after irradiation by a 365 nm UV lamp
(24 W) for 5 min.
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2 Resultsand discussion

Fig. 1 shows XRD patterns of pre-sintered combined
with HIP post-treated YAGG:Ce®",Cr’" PersL ceramics
with different Cr’* concentrations. XRD patterns are in
good agreement with Y3;Al,Ga;0;, crystalline phase
(YAGG, PDF#89-6660), indicating that the pure cubic
YAGG phase is successfully obtained. No additional
diffraction peaks are easily observed with increasing Cr**
concentration. The influence of dopant ions on the
crystalline structure of the ceramics cannot be observed
with the XRD setup used because of the low
concentration of Cr’".

Fig. 2 shows the surface FESEM images of pre-
sintered YAGG:Ce®",Cr’" PersL ceramics with different
Cr’" concentrations. No significant influence of Cr**
concentration on the morphology of the ceramics can be
observed in the FESEM images with increasing Cr’*
concentration. Lots of residual micro-pores, including
inter- and intra-crystalline micro-pores, can be easily
found. The residual micro-pores are mainly caused by the
low pre-sintering temperature. Usually, for the powders
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01%Cr | | |
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Fig. 1 XRD patterns of pre-sintered combined with HIP post-
treated YAGG:Ce®',Cr’* PersL ceramics with different
concentrations of Cr**

prepared by the ball-milling method, vacuum sintering
and high sintering temperature are required to remove the
micro-pores and obtain the high-density ceramics, due to
the large particle size and low sintering ability of the
powders. However, when the YAGG:Ce’',Cr’" PersL
ceramics are vacuum-sintered at high temperature, the
gallium may volatilize from the ceramics, leading to the
formation of Ga®' vacancy. Special post-treatments,
such as HIP, are needed to remove micro-pores and
obtain high-density YAGG:Ce®",Cr*" PersL ceramics at
relatively low temperatures in order to avoid the
volatilization of gallium.

Fig. 3 shows the surface FESEM images of HIP
post-treated YAGG:Ce*',Cr’" PersL ceramics with different
Cr’" concentrations. In comparison with the FESEM
images in Fig. 2, fewer micro-pores can be found in
Fig. 3. During the HIP post-treatment, some micro-pores
are driven out from the ceramics with the assistance of
high pressure through the argon, and then the ceramics
with higher density are obtained. However, some intra-
crystalline micro-pores are difficult to remove from
ceramics, even under high pressure. At times, some open
pores can also be easily observed in the FESEM images.
These micro-pores remain in the ceramics and work as
scattering centers to lower the in-line transmittance. The
transmittance test of ceramics also shows a low
transmittance, which is consistent with the FESEM
morphology results.

Fig. 4 presents the photographs (the Cr’" doping
concentrations from left to right are 0.025%, 0.05%,
0.1%, and 0.2%, respectively) and in-line transmittance
of YAGG:Ce®",Cr’" PersL ceramics (2.1 mm in thickness)
after HIP post-treatment. As shown in Fig. 4(a), the green
color of the ceramics is probably caused by the strong
absorption in the blue light region of Ce’". The text
behind the ceramics can be observed, while some of
them look slightly cloudy, indicating the presence of lots

Fig. 2 FESEM images of pre-sintered YAGG:Ce*",Cr*" PersL
ceramics with different concentrations of Cr’*
(a) 0.025%; (b) 0.05%; (c) 0.1%; (d) 0.2%

Fig. 3 FESEM images of HIP post-treated YAGG:Ce*',Cr’*
PersL ceramics with different concentrations of Cr*
(a) 0.025%; (b) 0.05%; (c) 0.1%; (d) 0.2%
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(a) S to the transition from *A, to *T, of Cr’". And as the
YAGG concentration of Cr'" increases from 0.025% to 0.2%,

\[/ R / ~ absorption becomes more pronounced.
”H”” ’ l WHHHH ”H 1] HH!|”l!““!“|l]|||”||||lH Fig. 5(a) shows the PL spectra of pre-sintered
135 445 15 combined with HIP post-treated YAGG:Ce’*,Cr*" PersL
0FD) ceramics with different Cr’" concentrations at room
Cr*: 4A,—*T, temperature, under the excitation of 405 nm. In the PL
25t / 0.2% Cr spectra, the transitions of the Ce*": 5d'—4f' (band
ook . centered at 508 nm), Cr’": *T,—*A,, (band centered at
g 15k Ce%{i—»id AR 707 nm) and 21'Eg,2T.1g'—>4A?g (R lines at about §90 n@)
i 0.05% Cr were detected in visible light range. The PL intensity
§10 r originating from Ce'" ions of ceramics gradually
st 0.025% Cr decreased, and the PL intensity originating from Cr’* ions
. . . gradually increased with increasing Cr’* concentration.
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Fig. 4 Photographs and in-line transmittance of pre-sintered
combined with HIP post-treated YAGG:Ce**,Cr*" PersL ceramics
with different concentrations of Cr** (2.1 mm in thickness)

(a) Photographs of ceramics (from left to right containing 0.025%,
0.05%, 0.1%, and 0.2% Cr, respectively); (b) In-line transmittance of
ceramics

of scattering centers, such as micro-pores. The in-line
transmittances (Fig. 4(b)) of the YAGG:Ce*",Cr’" PersL
ceramics are 12.9%, 12.9%, 19.8% and 30.2% at
1200 nm when doped with Cr** concentrations of 0.025%,
0.05%, 0.1%, and 0.2%, respectively. The low in-line
transmittance is mainly related to the residual micro-
pores, which can be clearly found in FESEM images of
Fig. 3. The result indicates that doping Cr’" can improve
the optical quality of the YAGG:Ce’",Cr’" PersL
ceramics, and Cr’*
the Two broad
absorption bands are observed at about 430 and 345 nm
due to the transitions from 4f level to the lowest 5d"' and
second lowest 5d* levels of Ce*
Besides,

may act as a sintering aid to improve
in-line transmittance of ceramics.

ions, respectively.
an additional broad band at about 606 nm

appears in the Cr’" co-doped specimen, which is ascribed

intensity of Ce**
transfer from Ce*"

decreases due to increased energy
to Cr’
transition at 707 nm also confirms this. Thermal stability
is one of the key properties for the application of PersL
materials in emergency indicator lighting. Fig. 5(b)
shows the temperature-dependent PL spectra of ceramics
with the Cr** Under 405 nm
violet excitation, the emission band of the ceramics
appears in the range of 450—625 nm with a peak around
508 nm. The phonon assisted non-radiative transitions
increase  with temperature. When the
temperature increases from 300 to 500 K, the luminous
intensity of the ceramics can still retain 50% of that at

‘. The gradual increase in Cr**

concentration of 0.025%.

increasing

room temperature.

The PersL photographs of YAGG:Ce*",Cr'" PersL
ceramics with different Cr’* concentrations pre-sintered
at 1650 °C for 20 h in air (Fig. 6(a)), HIP post-treated at
1550 ‘C for 3 h under 176 MPa in Ar (Fig. 6(b)) and
annealed at 1250 °C for 5 h in air (Fig. 6(c)) were taken
at different times after the removal of UV excitation
source (365 nm). The bright green PersL of all ceramics
can be observed at 5 min after switching off the
excitation source. At 60 and 120 min, the intensities of

(@
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Fig. 5 PL spectra of pre-sintered combined with HIP post-treated YAGG:Ce®",Cr*" PersL ceramics

(a) PL spectra of ceramics with different Cr**

doping concentrations at room temperature; (b) Temperature-dependent

PL spectra of ceramics with Cr** concentration of 0.025%
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PersL become weaker, but can still be detected by camera,
which indicates that the PersL duration of all ceramic
samples is longer than 2 h, proving the promising
potential application of YAGG:Ce",Cr’" PersL ceramics.
Figs. 6(d, e) show the initial luminescence intensity and
duration of pre-sintered, HIP post-treated, and air
annealed YAGG:Ce*",Cr*" PersL ceramics with different
Cr’* concentrations (excitation: 365 nm, 24 W, 5 min).
The influence of Cr’* concentration on the PersL
performance (initial intensity and duration) is analyzed
and presented. The initial intensity of pre-sintered ceramics
shows a monotonical decrease from 5382 mcd/m’ to
2102 med/m* with the increase of Cr’’ concentration
from 0.025% to 0.2%. The PersL duration also exhibits a
similar tendency, decreasing from 430 to 226 min. When
the doping concentration of Cr’" is 0.025%, pre-sintered
ceramics
intensity and duration.

show the strongest initial luminescence
The wvariations of initial
luminescence with  Cr'*
concentration in HIP post-treated ceramics and air
annealed ceramics are similar to those of pre-sintered
ceramics. When the Cr’* doping concentration is 0.025%,
they all exhibit the maximum initial luminescence
intensity and duration. This indicates that within the
range of Cr’* doping concentration, 0.025% Cr’" has the
best PersL performance. Among them, the ceramics
doped with 0.025% Cr** exhibit the strongest initial
luminescence intensity exceeding 6055 mcd/m” and the
persistent time of 1030 min after air pre-sintering
combined with HIP post-treatment and air annealing. The
persistent performance of ceramics exceeds this team’s
previous research work!**). In addition, previous research
results have shown that the Cr’" co-doped specimens
exhibit brighter PersL than the Ce’" single doped one!**.
This is because Ce’” ions act as luminescent centers in
YAGG, which affect the luminescence intensity of PersL
materials, while Cr’" ions act as sensitizers and undergo
energy transfer with Ce®" ions to enhance luminescence
intensity, greatly prolonging the time for electrons to
return from traps to 5d' level and enhancing the duration.
However, YAGG:Cr’" can only achieve PersL after the
excitation by X-ray excitation. The PersL after 365 nm
irradiation differs greatly from such emissions after
X-rays***!. Therefore, YAGG:Cr’" cannot achieve PersL
after the excitation by 365 nm light, because the energy
of 365 nm light is not enough to promote the electrons of
Cr’" to the conduction band, resulting in no charge
carrier trapping and de-trapping process occurring.
From Figs. 6(d, e), it can be seen that with the increase
of Cr’* concentration, the initial luminescence intensity
and duration of the ceramics prepared under three
decreasing

intensity and  duration

conditions show a monotonic trend.

Therefore, only an appropriate crt doping concentration
can enhance the PersL performance of YAGG:Ce®" PersL
ceramics. This indicates that excessive Cr’* does not
participate in energy storage (carrier capture) and even
reduces the efficiency of carriers trapping!*'l. On the
other hand, as the concentration of Cr’* decreases, the
PersL performance of ceramics significantly decreases,
most probably due to low concentration of donor ions.
For ceramics prepared with high concentrations of
Cr’" doped YAGG:Ce*", a significant decrease in
initial luminescence intensity and duration is detected,
which may be due to the energy transfer of Ce’" to
excessive Cr".

Air annealed ceramics have better initial luminescence
intensity, while HIP post-treated ceramics have longer
duration. The initial luminescence intensity of ceramics
after HIP post-treatment decreases, but the duration is
significantly improved compared to the pre-sintered
ceramics. Additionally, air annealed ceramics can
maintain stronger initial luminescence intensity while
ensuring duration. Based on the earlier reports!?® 30314146
and the results obtained in this work, the energy band
diagram of YAGG:Ce’",Cr’" PersL ceramics is
constructed to illustrate the PersL mechanism in the
YAGG:Ce*",Cr’" PersL ceramics (Fig. 7). The energy
band diagram for YAGG:Ce’",Cr’" PersL ceramics is
composed of relevant parts of the energy level schemes
of the Ce**, Cr*", as well as the conduction band and
valence band with the main trapping levels in the YAGG
host materials. It is known that not only Cr but also
lattice defects, such as oxygen vacancies, can lead to trap
formation. The traps related to oxygen vacancies are
deep for the phosphors operating at room temperature,
and more thermal stimulation is needed to release the
captured electrons from these traps. HIP post-treatment
in Ar atmosphere can generate more oxygen vacancies,
and some electrons enter the traps formed by oxygen
vacancies, resulting in a decrease in the number of
electrons entering other traps. Therefore, the initial
luminescence intensity of the ceramics decreases, but the
duration increases. After air annealing, some oxygen
vacancies are eliminated, so more electrons could be
captured by the traps with appropriate trap depths,
thereby improving the initial luminescence intensity.
But the oxygen vacancies that have not been eliminated
ensure that the ceramics exhibit good duration. Air
pre-sintered ceramics have the fewest oxygen vacancies,
which means there are also the fewest defects, resulting
in the shortest duration. On the other hand, HIP
post-treated ceramics and air annealed ceramics, due to
their transparent characteristics, can excite electrons
located deeper in the excitation light source, which is
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Fig. 6 Luminous photographs, initial luminescence intensity and duration of pre-sintered, HIP post-treated and air annealed
YAGG:Ce*",Cr*" PersL ceramics with different concentrations of Cr’* (excitation: 365 nm, 24 W, 5 min)
(a) Luminous photographs of pre-sintered ceramics; (b) Luminous photographs of HIP post-treated ceramics; (c) Luminous photographs

of air annealed ceramics; (d) Initial luminescence intensity of ceramics; (¢) Duration of ceramics
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Fig. 7 Energy band diagram of YAGG:Ce®*,Cr’* PersL ceramics

equivalent to more electrons participating in the process
of PersL. These electrons re-enter the trap and undergo
energy transfer with Cr*" ions. The electrons that undergo
energy transfer are captured in the trap for a long time
and only overflow from the trap and return to the
conduction band after another energy transfer with Cr’".
This process greatly slows down the time for electrons to
return to the ground state from traps, thus prolonging the
duration of persistence.

3 Conclusions

In summary, using the commercial powders of Y,0;,

Ga,0s3, a-Al,O;, CeO, and Cr,O; as raw material,
(Y0.995Ce0.002)3(Al;Cr,)2Ga3;01, (x=0.025%, 0.05%, 0.1%,
0.2%) PersL ceramics were fabricated by air pre-sintering,
HIP post-treatment and air annealing. The influences of
Cr’" doping on the phase composition, microstructure,
optical properties and persistent performance of ceramics
were studied. The results showed that when the doping
concentration of Cr’" increased from 0.025% to 0.2%,
pure cubic YAGG phase was successfully obtained in HIP
post-treated ceramics. No significant effect of Cr’*
concentration on ceramic morphology was observed in the
FESEM images. HIP post-treatment made ceramics
denser and reduced porosity. The in-line transmittance of
YAGG:Ce’",Cr’"  PersL
increasing Cr’* doping concentration. The ceramics with

ceramics increased  with
0.2% Cr’* prepared by HIP post-treatment achieved a
linear transmittance of 30.2% at 1200 nm. Under 405 nm
violet excitation, the emission band of the ceramics
appeared in the range of 450—625 nm with a peak around
508 nm. When the temperature increased from room
temperature to 500 K, the luminous intensity of the
ceramics could still retain 50% of that at room temperature.
As the concentration of Cr’" increased from 0.025% to
0.2%, the initial luminescence intensity of pre-sintered
ceramics, HIP post-treated ceramics, and air annealed
ceramics gradually decreased. The PersL duration also
exhibited a similar tendency. When the Cr’* doping

concentration was 0.025%, they all exhibited the
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maximum initial luminescence intensity and duration. This
indicated that within the range of Cr’* doping
concentration, 0.025% Cr’" had the best PersL
performance. For all prepared ceramics, the ceramics with
the strongest initial luminescence intensity were prepared
by doping 0.025% Cr’* and air annealing, with an
intensity exceeding 6055 mcd/m’. The ceramics with the
longest duration were prepared by doping 0.025% Cr’*
with HIP post-treatment, lasting more than 1185 min.
Finally, the influence of oxygen vacancies and ion energy
transfer in traps was analyzed. In short, the preparation of
YAGG:Ce*,Cr'" PersL ceramics with high PersL
intensity and long persistent emission decay time will
advance the development and application of PersL
materials in the future.
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