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Gadolinium aluminum garnet (GAG) doped with Ce3®' ions was prepared by a co-
precipitation method. The luminescent properties of Ce3* ions in Gd3(1_x CesAl;04, (x =
0.01) were studied in the temperature range of 77-500 K. At 77 K, the Ce® doped GAG
exhibits broad-band emission with a maximum at 564 nm and a decay time of 68.4 ns. It was
shown that the temperature quenching of the Ce®* emission in GAG starts at 310 K and the
quenching temperature (T, ) is 395 K. From the temperature dependence of the luminescence
decay time upon excitation in the region of the Ce®* 4f—5d, 5 absorption bands, the activation
energy for the Ce® emission quenching in GAG was found to be 0.51 eV. The quenching
mechanism in Ce®*-doped GAG was determined as the thermally induced ionization of Ce3* ions.

Keywords: oxides, chemical synthesis, luminescence, cerium, quenching.

TeMmmepaTypHe TaciHHA JIOMiHeCHEHITil Ce®* y ragonimi#i ammoomimieBoMy rpanari
Gd;Al;0,,. I.B.Bepesoscvra, A.C.Bonrowurnoscvruii, 3.A.Xanxo, O.B.Xomenro, H.II.€pprowu-
Ha, B.II.JloyeHnrKo.

Taponiniit ammominieBuit rpamar (GAG), aerosanmit iomamm Ce%*, orpumano merozom
cuiBocamenus. JlominecmenTtri siactusocri iomis Cedt y Gd:,,”_x)Ce:,.XAIgO12 (x = 0,01)
nocaimskeno B imTepsani Temmepatyp 77—500 K. Ilpu 77 K xerosammnii Ce®" GAG gemon-
CTPY€ IMHUPOKOCMYTOBE BUMPOMIHIOBAHHA 3 MaKCUMyMoM mipm 564 HM i yacoMm Bsaracamus
aominecrienii 68,4 me. BeraHoBieHo, 10 TeMIlepaTypHe TaciHHA JoMiHecileHITil Ced* y
GAG nounnaetnes pu 310 K, a remmeparypa racinus (T, ) cranosuts 395 K. 3 Temme-
paTypHOI 3aJIeKHOCTI Uacy 3aracaHHs JIOMiHeclleHIil mpm 30yA:KeHH]I B 00JacTi cMyT TTOTJIH-
nanua 4f—5d; , ionis Cedt 3HaANIEHO0, 10 eHeprifd akTuBaIlil raciHHsa JIIOMiHecIeHIil Cedt y
GAG cTaHoBUTSH 0,51 eB. Mexanism TemmepaTypHoro racimms miominecrentii Cet GAG
BUSHAYEHO AK TepMiuHo iHgyKoBaHa ioHisamia iomis Ced3*.

Tagonuunii amoMuHueBsld rpanar (GAG), nermposanubiii nonamu Cedt, momyuen meto-
ZoM coocaskgennsa. JIIOMHUHeCIeHTHEIE cBolicTBa monos Ce®* B Gd3(1_X)Ce3XAI5O12 (x =0,01)
nccIenoBaHbl B mHTepBase temueparyp 77-500 K. IIpu 77 K neruposammniii Ce®t GAG
JIEeMOHCTPHUPYET IMHPOKOIIOJIOCHOE H3JyUYeHHe ¢ MakCuMyMoM mpu 564 HM U BpeMeHeM 3aTy-
XaHUA JIOMUuHecHeHuuu 68,4 HC. YCTAHOBIEHO, UTO TEMIEPATYPHOE TYIIeHNEe JIOMUHECIIeH-
nun Ce®" B GAG maummaerca mpu 310 K, a remmeparypa TymeHHs (T509,) cocrabisier
395 K. s remueparypHOil 3aBHCHMOCTY BPEMEHH 3aTYyXaHWUA JIOMUHECIHEHIIMY [PU BO30YH-
IeHUN B O0JIACTHM II0JIOC IIOTJIOIIEHUS 4fﬁ5d1 9 WOHOB Ced* HAWIeHO, YTO SHEPrus aKTHUBa-
nuy rymeHus jgomuHecneHnuu Cedt B GAG cocTaBIAET 0,51 sB. MexaHusMm TeMmIieparyp-
Horo TylmeHus gioMuHecmeHnuu Ce®t GAG ompeieneH Kax TePMHUEeCKM HHAYIIMPOBAHHAL
noHusanusa moHos Ced*,
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1. Introduction

Gd3(Al,Ga)s0¢, (GAGG) gadollmum alumi-
num-gallium garnets doped with Ce3* ions are
used as the effective phosphors for white light-
emitting diodes (LEDs). Their development was
stimulated by the well-known shortcomings of
white LEDs based on  Y3Al;0,,:Ce3*
(YAG:Ce3*); these are a low color rendering
index (R, < 80) and a high color temperature
(>4000 K). This caused the attempts to im-
prove the color characteristics of LEDs by sub-
stitution of Y3* with other rare earth (R) ions
including Gd3* [1-3]. Rare earth aluminates
R3AI504, (R=Y, Eu-lLu) crystallize in the
cubic structure with the Ia3d space group. In
this structural type, all R atoms are dodecahe-
drally coordinated, whereas Al atoms occupy
two crystallographically nonequivalent posi-
tions — namely, tetrahedral (Al,,,,) and octahe-
dral (Al,.,) sites. The substitution of Gd3* for
Y3* was shown to induce a larger crystal field
splitting of the Ce3* 5d configuration and to
shift the Ce3* emission band towards longer
wavelengths [1, 4, 5].

Single crystals and ceramic materials of the
general composition Gd3(AI,G<’:1)5O12:Ce3+ are of
interest for the development of new scintilla-
tors for medical applications due their ex-
tremely  high light output (up to
70000 ph/MeV), relatively fast scintillation re-
sponse and high radiation stability [6, 7]. Some
GAGGs double doped with Ce3* and Cr3* are
also considered as persistent phosphors for lu-
minous paints and as perspective luminescent
materials with long afterglow for directed in
vivo bioimaging [8, 9].

In contrast to GAGG, information on the
luminescence properties of Ce3*-doped gadolin-
ium aluminum garnet Gd;AlgO4, (GAG) is lim-
ited by few studies [4, 5, 10], probably due to
a thermodynamic instability of this compound
[11, 12]. The exact reason for thermodynamic
instability of GAG is still unknown, but it is
usually associated with a critically large ratio
between the sizes of rare earth and aluminum
polyhedra for this structural type [11, 12].
Meanwhile, GAG:Ce3* is known to exhibit a
broad-band emission with FWHM 133 nm
(83730 ecm 1) and is a promising phosphor for
medium power LEDs with a comfortable warm
white light because of the longer wavelength
position (585 nm) of its emission maximum [5]
compared to those of Ce3*-doped GAGG and
YAG. Besides this, the development of mag-
netic-luminescent Ce3*-doped GAG nanoparti-
cles for simultaneous imaging and X-ray pho-
todynamic therapy of cancer cells has been
recently reported [13].
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Despite the practical importance of Ce3*-
doped GAG phosphors, no detailed research
has been performed on the influence of tem-
perature on its luminescence properties. In
this paper, we describe the results of the
study of Gdg1_,)CezAls0q, (x = 0.01) lumi-
nescence in ghe temperature range of 77—
500 K. In particular, our attention was fo-
cused on the mechanism for temperature
quenching of Ce3* emission in GAG. A
comparison with the results on other com-
pounds of the garnet family is also carried
out. It is expected that the results ob-
tained will be significant not only for the
interpretation of the influence of substitu-
tional ions (N3-, Mg2*, Si4*) on the lumines-
cence properties of Ce3*-doped GAG, but
also for the development of new garnet-type
phosphors for white LEDs.

2. Experimental

Two samples with compositions of
Gd3(1 X)Ce3XA|5O12 (x =0.01) (G’AG Ce3+)
(GYAG: Ce ) were o tained by the co-pre-
cipitation of REE and aluminum hydrox-
ides with their further thermal decomposi-
tion [5]. The appropriate amounts of
Gd203, Y203 (99.99 0/0, Slgma-AldI‘lch)
and CeO, (99.99 %, Sigma-Aldrich) were
dissolved in a dilute HNOg solution and
mixed homogeneously with a water solu-
tion of aluminum nitrate AI(NO3)3-9H,O
(99 %). The hydrous mixed REE and alu-
minum hydroxides M(OH);-nH,O were pre-
cipitated from the hot solution (80°C) by
the slow addition of a concentrated NH,OH
solution. The precipitates were filtered,
washed with distilled water, dried and
then heated at 1000°C for 3 h in air.
After that the resulting mixtures were
fired at a temperature of about 1300°C for
15 h in a reducing medium created by
burning activated carbon. The samples were
characterized by X-ray diffraction (XRD)
using Cu-K, radiation (Rigaku Ultima IV).
The morphological investigations were car-
ried out by scanning electron microscopy
(SEM) on a TESCAN VEGA 8 electron
microscope. The emission and excitation
spectra in the UV-visible region were ob-
tained using a Fluorolog FL-3 (Horiba
Jobin Yvon) spectrofluorometer equipped
with a xenon lamp. Note, that the
GYAG:Ce3* sample was used to control
the synthesis procedure and as a refer-
ence sample for measuring the quantum
efficiency of luminescence.
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Fig. 1. Comparison of X-ray diffraction pattern
(a) — of the GAG:Ce3* with (b) — data from
ICDD database (PDF #73-1371) for pure
GAG. Peaks from the impurity phase
(GdAIO,) are denoted by the symbols (<>).

The excitation spectra at wavelengths
shorter than 330 nm were recorded at
298 K using synchrotron radiation and the
equipment of the SUPERLUMI experimental
station at HASYLAB (Hamburg, Germany).
The correction of these spectra for the
wavelength dependent excitation intensity
was performed with the use of sodium sali-
cylate as a standard. The decay curves of
the Ce3* emission were recorded in the tem-
perature range from 77 to 500 K using the
time-correlated single-photon  counting
method upon excitation with either nanosec-
ond LEDs with A,,, at 330 and 450 nm or
a flash lamp with discharge in air.

3. Results and discussion

No impurity phases were detected from
the XRD pattern of the GYAG:Ce3* sample.
In contrast, the XRD pattern of the
GAG:Ce3* revealed, in addition to Gd;Al5045,
the presence of some amounts of the GdAIO;
phase (see Fig. 1).

From the obtained peaks in the XRD pat-
tern, a lattice constant of the GAG:Ce3*
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Fig. 2. SEM images of (a) — GAG:Ce3* and
(b) — GYAG:Ce®".

was calculated using the Bragg’s law for
cubic crystals:

2
o= K—M 2+ 12 (1)
2sin6

where A is the Cu-K, X-ray wavelength; &,
k, and [ are Miller’s indices; and 0 is the
diffraction angle.

The calculated lattice constant of
12.11 A agrees well with the literature data
for pure GAG [14]. The SEM images of the
samples are compared in Fig. 2. As can be
seen, the GYAG:Ce3* sample is composed of
crystallites with a size of 1-15 um, which
exhibit a relatively low degree of agglom-
eration. It should also be noted the presence
of crystallites with smooth trapezium-
shaped faces (Fig. 2b), which is quite typi-
cal for compounds and solid solutions of the
garnet family. In contrast, the SEM image
of the GAG:Ce3* revealed the presence of
agglomerated particles with sizes of 1-
10 um and with a poorly defined habitus.
Thus, the particle morphology of the
GAG:Ce3* differs markedly from that of
GYAG. This is most likely due to the ther-
modynamic instability of this compound.

Functional materials, 28, 1, 2021
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Fig. 3. Time-integrated excitation spectrum
of Ce% emission in GAG (A,,, = 560 nm) re-
corded upon excitation with optical photons
(1) and synchrotron radiation (2). The inset
shows the emission spectra of the sample at
(3) 298 K and (4) 77 K (,,, = 445 nm).
Since the luminescence properties of
Ce3* ions in the garnets are distinetly dif-
ferent from those of Ce3* in RAIO; (R=Y,
Gd), the presence of this impurity phase did
not prevent the selective excitation and de-
tection of the luminescence of Ce3* ions in
GAGs. It is known that the emission spec-
trum of the GAG doped with Ce3* is due to
transitions from the lowest Ce3* 5d excited
state to the 4f ground state levels 2Fj 5 and
2F7/2 [4, 5]. The emission spectra of Ce3*
ions in GAG at 293 and 77 K are compared
in Fig. 3. It is seen that at room tempera-
ture, the Ce3* emission band of the
GAG:Ce3* extends from 470 to 800 nm and
has a maximum at about 585 nm. Note,
that the position of the emission maximum
is somewhat different from the position (~
600 nm) indicated by Ogieglo et al. for GAG
prepared by the sol-gel method [4]. At 77 K,
the emission band of the Ce3*-doped GAG is
narrowed and has a distinet maximum at
564 nm and a shoulder at about 620 nm.
The time-integrated emission spectrum at
room temperature, recorded upon excitation
of Ce3* in the GAG by synchrotron radia-
tion and optical photons, is shown in Fig. 3.
The spectrum consists of relatively narrow
bands around 275 nm and broad bands with
maxima at about 230, 335 and 471 nm. In
the excitation spectrum of YAG doped with
Ce3*, the narrow bands are absent and
should be attributed to the 8S;,— I,
transitions of Gd3* ions, while the broad
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Fig. 4. Decay curves of Ce® emission Qo =
560 nm) for GAG:Ce®* recorded at 77 K (a) and
353 K (b) upon excitation with A,,. = 450 nm (1)

and 340 nm (2).

ones with maxima at 471 and 335 nm are
due to the 4f — 5d transitions with two
components (5d; 5) of the Ce3* 5d configu-
ration [4, 5]. ’

The lower-intensity band at ~ 230 nm ex-
hibits a distinct asymmetric shape and can
be approximated by two Gaussians with
maxima at 5.34 eV (232 nm) and 5.58 eV
(222 nm), which are considered as a result
of the 4f — 5d3 4 transitions. As with many
other garmets, the 4f — 5d5 transition of
Ce3* in GAG is expected to overlap with the
host absorption band starting at 206 nm
and peaking at about 187 nm (6.63 eV).
Note that the similar peaks were observed
earlier in the excitation spectra for the Ce3*
emission in various garnets, including YAG,
LuzAls045, (LuAG), and were attributed
either to the absorption of the host exciton
or to the formation of a (Ce3*)-bound impu-
rity exciton [4, 9, 15-17].

The quantum efficiency (QE) of lumines-
cence of the GAG:Ce3* sample was deter-
mined as described in [1], using a commer-
cial YAG:Ce3* phosphor for LEDs with QE
= 0.90 as a standard. For the excitation at
455 nm, the found value of 0.58+0.04 is larger

9
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than that (QE = 0.32) of the Ce3* emission in
the nanosized GAG obtained by the sol-gel
method [13], but smaller than those (QE =
0.80-0.85) reported in literature for Ce3* ions
in ceramic phosphors of the Gd3(1_X)Y3XAI5O12
(x = 0.25; 0.50) composition [9].

The decay curves of the Ce3* emission in
the GAG at 77 K and 353 K upon excitation
of 4f — 5d; 5 bands are compared in Fig. 4.
It is seen that at 77 K the decay curves are
similar and can be characterized by a time
constant of 1t =68.410.5 ns. For A, =
340 nm, the decay curve has a distinctly
higher background level. Although the Ce3*
5d, level is expected to be within the con-
duction band (CB) of the GAG, the high
background level is attributed to the low
signal-to-noise ratio caused by the low ab-
sorption strength for the 4f — 5d,y transi-
tion at 77 K [5]. This suggestion is sup-
ported by the fact that at higher tempera-
tures (270-500 K) the decay curves are also
similar and no high background level for
the decay curves recorded upon excitation
with A, =840 nm is observed. As an ex-
ample, a comparison of the decay curves at
3583 K is presented in Fig. 4b. It is seen
that the decays are one-exponential with a
time constant of ~ 53.0 ns.

Figure 5 shows the temperature depend-
ences of the luminescence decay kinetics
and decay time (1) for Ce3* ions in GAG
upon excitation of the Ce3* 5d, state (A, . =
340 nm) in the range of 270-500 K. It can
be seen that at 310 K the emission decay
time begins to decrease, and at 395 K it is
~50 % of its value at room temperature.
This behavior agrees with the experimental
results for Ce3*-doped GdsAl; ,Ga,Oqy (x =
1-4) [4]. The activation energy of the proc-
ess responsible for the temperature quench-
ing of Ce3* emission in GAG was calculated
from the temperature dependence of T using
the Mott formula:

T (2)
) = e BT

where T(T) is the decay time of emission at
temperature T (K), 15 is the luminescence
decay time at low temperatures, C is a con-
stant, E, is the activation energy for the
quenching process (eV), and £k is the
Boltzmann constant (8.6173-107° eV/K).
The activation energy for temperature
quenching of Ce3* luminescence in GAG was
determined as 0.51+0.04 eV by fitting the
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Fig. 5. Temperature dependences of the lumi-

nescence decay kinetics of Ce3 ions in GAG
recorded upon excitation with A, . = 840 nm: 1
— 288; 2 — 353; 3 — 373; 4 — 393; 56 — 413;
6 — 433; 7 — 473 K. The inset shows the
temperature dependence of the luminescence

decay time.

experimental data to Eq. (2). A similar re-
sult was obtained upon excitation of the
Ce3* 5d, state (A, = 450 nm).

The mechanism for temperature quench-
ing of Ce3* emission in various compounds
with a garnet structure is still under dis-
cussion [16, 18-21]. In general, two mecha-
nisms can be responsible for the tempera-
ture quenching of the 5d — 4f luminescence
of Ce3* in inorganic compounds: (i) quench-
ing by thermally activated cross-over from
the 5d; excited state to the 4f ground state
and (ii) thermally activated ionization of
Ce3* ions for the 5d; state.

Recently, strong arguments have been
summarized in support of the opinion that
the temperature quenching of Ce3* emission
in the most practically important series of
compounds with a garnet structure is
caused by thermally induced ionization of
Ce3* ions [16]. For example, by an analysis
of thermoluminescence (TL) excitation spec-
tra at 300-700 K for YAG:Ce3*, it was
shown that there is a good agreement be-
tween the temperature quenching of the
Ce3* emission in YAG and the appearance
and rise of TL signal in the range of 500—
700 K. Also, based on the photoconductiv-
ity measurements of a series of Ce3*-doped
Y3(Al,Ga)s04, and Gds(Al,Ga)sO4, garnets,
the quenching mechanism was determined
as a thermal ionization process [16] and
references therein). In contrast, the authors
[20, 21] have recently analyzed the tempera-
ture dependences of the instantaneous and

Functional materials, 28, 1, 2021



I.V.Berezovskaya et al. /| Temperature quenching of ...

delayed recombination decays in Ce3*-doped
(Gd,Y)3A|5012 and Gd3(AI,Ga)5012 Single
crystals and came to the conclusion that the
quenching of luminescence is mainly caused
by thermally induced cross-over from the
excited 5d; state to the ground 4f state and
can be slightly assisted by the thermally
activated ionization process in garnets with
a high Ga content. It should be noted that
both of these mechanisms were also used to
interpret the decrease in the integrated
emission intensity and luminescence decay
time of Ce3* with increasing temperature
from 300 to 700 K in oxynitride garnet
phosphors (Y,Cd)3(Al,Si)s(O,N)¢5 [22, 28].

Ce3+-doped Ca3SCZS|3012 and LuAG are
known to exhibit the highest thermal stabil-
ity of emission among the known Ce3*-
doped phosphors of the garnet family [16,
24]. In particular, the decay time of Ce3*
emission in CazSc,Siz0¢, was found to be
nearly constant up to 800 K [24, 25]. On
the contrary, it can be seen from Fig. 5 that
the thermal quenching of Ce3* emission in
GAG begins at 310 K, and the quenching
temperature (T5¢0,) defined as the tempera-
ture at which the emission decay time equals
half of those at low temperature, is found to
be ~ 895 K, which is 300-400 K lower than
for YAG, LuAG doped with Ce3* [16].

If the quenching process in GAG involves
the thermal ionization of Ce3* ions, the
quenching temperature (T'5(0,) should be de-
termined by the energy gap (AE) between
the 5d, state and the bottom of the conduc-
tion band (CB). For comparison with the
experimental data and calculated values of
AE for Ce3*-doped Gd;Al; ,Ga, 0, (x = 1-4)
[9], we plotted the so-called vacuum re-
ferred binding energy (VRBE) diagram for
GAG (see Fig. 6) according the procedure
proposed earlier by Dorenbos [15] and used
in [9]. The top of the valence band (Ey) for
GAG was obtained by subtracting the
charge transfer energy of Eu3* in the GAG
(ECT = 5.87 eV [26]) from the 4f ground
state energy of Eud* (—4.06 eV for all the gar-
nets [15]). The found value E;, of —9.43 eV for
the GAG is close to that found in [9] for
Gd3Al,Ga04, (—9.42 eV) and slightly less than
for Gd3A|5_XGaXO12 with x = 2—4.

The band gap energy (Eg) of GAG was
estimated from the position of the exciton
peak at 6.625 eV (~ 187 nm) (see Fig. 3) by
adding the exciton binding energy [27]:
0.008- (E°*)2 = 0.867 eV. Since the lumines-
cence excitation spectra (Fig. 3) were re-
corded at 293 K, the host exciton creation
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Fig. 6. VRBE diagram of GAG with Ce3* 5d
levels.

energy (E®*) was corrected by adding
0.15 eV before multiplying. This gives a
value of E,=7.14 eV. To estimate the en-
ergy of the bottom of the conduction band
(E¢) for GAG, the band gap energy
(7.14 eV) was then added to Ey. The found
value E; of —2.29 eV appeared to be some-
what higher than for Gd;Alg ,Ga,O (x =
1-4). In the approach used, the 4f ground
state energy for Ce3* is assumed to be con-
stant, E; (Ce3*) = —5.50 eV, within the Gd
garnet series [15], so that the energies of
the Ce3* 5d; and 5d4 states can be found by
adding the 4f — 5d; 5 transition energies to
E,; (Ce®*). From comparison between the
value Eq (-2.29 eV) and the found energies
of the Ce3* 5d, and 5d, states it follows
that the energy gap (AE) between the 5d;
level and the bottom of the CB is 0.58 eV
for GAG, and the 5d4 level is located above
the CB bottom by ~ 0.49 eV.

In Table, the thermal quenching activa-
tion energies E, of Ce3* emission and the
calculated energy differences (AE) between
the 5d; level of Ce3* and the bottom of the
conduction band for Gd;(Al,Ga);04, garnets
are presented and compared. It can be seen
that there are distinct differences between
the presented experimental results. For ex-
ample, the reported activation energy for
Ce3* emission quenching in Gd;Al,Gas;045
varies from 0.20 eV [29] to 0.33 eV [30]. It
is possible that the observed differences are,
at least in part, caused by the presence of
defects in the immediate environment of
Ce3* ions; thermally activated transfer of
electrons from Ce3* can occur to these de-
fects. The nature and concentration of such
defects are evidently dependent on the syn-
thesis conditions. In particular, a possible

11
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Table. Thermal quenching activation energies E, of Ce®* emission and calculated energy differ-
ences (AE) between the 5d; level of Ce®* and the bottom of the conduction band for some garnets

Garnet E, eV AE, eV
Gd,AIL0,, 0.512 - 0.58
Gd,Al,Ga0,, 0.412 [4] 0.38P [28] 0.40° [30] 0.41 [9]
Gd,Al,Ga,04, 0.462 [4] 0.39% [28] 0.42° [30] 0.38 [9]
Gd,Al,Ga,0,, 0.262 [4] 0.30° [28]; 0.20P 0.33° [30] 0.31 [9]

[29]
Gd,AlGa,0,, 0.072 [4] 0.34° [30] 0.25 [9]

2 powder phosphor; ? opaque ceramic; © single crystal.

role of Ga3* ions and oxygen vacancies in
the processes of defect formation in
Gd;(Al,Ga)s04, garnets was discussed earlier
[30]. From the VRBE diagrams it follows
that if the quenching process involves the
thermal ionization of Ce3* ions, the activa-
tion energy for Ce3* emission quenching in
Gd;Al;_,Ga, 04, should steadily decrease
with increasing Ga content (x) from
0.58 eV for GAG (x =0) to ~0.25 eV for
Gd;AlGa 04, (x = 4). From Table one can
conclude that the expected tendency coin-
cides in general with the experimental data.

It should be noted that, at high tempera-
tures, for Gdj;(Al,Ga);O, garnets with a
high Ga content, the decay of Ce3* lumines-
cence has a complex, nonexponential charac-
ter. It is believed that the initial fast decay
component is associated with the ionization
of the Ce3* (i.e. with the temperature
quenching of luminescence) and the second,
slow component, is due to the thermo-
stimulated release of electrons from the
traps with their subsequent recombination
on Ce** centers [29, 31].

Although we did not observed any
thermostimulated luminescence process that
prolongs the decay of Ce3* emission in GAG
at high temperatures (310-500 K), we at-
tribute the quenching of the Ce3* lumines-
cence in this garnet to the thermal ioniza-
tion of the impurity ions. This interpreta-
tion is based on the following facts. In
Ce3*-doped Gd;(Al,Ga);04, garnets, the en-
ergy of the 5dy — 4f (?Fj,9) transition
maximum increases steadily with an in-
crease in the Ga content from 2.198 eV
(564 nm) for GAG (see Fig. 3) to 2.36 eV (~
525 nm) for Gd;3AlGa,0,, [80]. Therefore, it
is expected that the activation energy of the
cross-over from the excited 5d; state to the
ground 4f state increases, but the quench-
ing temperature Tjg decreases from -~

12

395 K for GAG, as found in this study, to
175 K for Gd3AIGa4O12 [4:].

The VRBE diagrams of Gd3(A|,Ga)5012
indicate that the energy gap between the
excited 5d; state and the bottom of CB de-
creases gradually with increasing Ga con-
tent, which means a decrease in the activa-
tion energy of the quenching process caused
by thermal ionization of Ce3* ions. Taking
into account possible errors in both the ex-
perimental results and in the energy level
diagram, it follows from Table that this
trend is generally reproduced in the experi-
ments.

5. Conclusions

Gadolinium aluminum garnet (GAG)
doped with Ce3* ions was prepared by the
co-precipitation method. The luminescent
properties of Ce3* ions in Gdg
X)Ce3XAI5O12 (x = 0.01) were studied in tile
temperature range of 77-500 K. At 293 K
the Ce3*-doped GAG exhibits a broad-band
emission with a maximum at 585 nm and a
decay time of 68.4 ns. It was shown that
the temperature quenching of Ce3* emission
in GAG begins at 310 K and the quenching
temperature (T500,) is 895 K. From the
temperature dependence of the luminescence
decay time upon excitation into both Ce3*
4f — 5d; o bands, it was found that the ac-
tivation energy for the Ce3" emission
quenching in GAG was 0.51 eV.

Based on the results of luminescence
measurements and comparison with litera-
ture data for Gd3(AI,Ga)5O1% garnets the
quenching mechanism in Ce°*-doped GAG
was determined as the thermally induced
ionization of Ce3* ions. In particular, in
Ce3*-doped Gd;(Al,Ga);04,, the energy of
the 5d; — 4f (2F5/2) transition maximum
increases steadily with an increase in the
Ga content from 2.198 eV (564 nm) for

Functional materials, 28, 1, 2021
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GAG to 2.36 eV (~525 nm) for
Gd;AIGa,04,, but the quenching tempera-
ture Tjgo, decreases from ~ 395 K for GAG
to 175 K for Gd;AlGa,O,,, supporting the
conclusion that the quenching process in GAG
involves the thermal ionization of Ce3* ions.

At 293 K, the quantum efficiency (QE)
of the Ce3 emission in the GAG:Ce3* is
0.58 and less than those (QE = 0.80-0.85)
reported in the literature for Ce3*-doped
Gd3(1_X)Y3XA|5O12 (x = 0.25; 0.50). It can be
expected that improved methods of preparing
powders can contribute to some improvement

in the luminescence characteristics of

GAG:Ce3* phosphors for white LEDs.
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