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The optical transmittance in the visible wavelength range, thermally stimulated lumi-
nescence and time-resolved luminescence under excitation by synchrotron radiation in the
exciton range of Y;Al;0,, host were studied to characterize Y;Al;0,, nanograined ceramics
in comparison to single crystals of the same composition. The behavior of nanograined
ceramics is situated close to the properties of single crystals with large content of Y,
antisite defects. The observed differences in the optical and luminescent properties were
interpreted as a consequence of high defectivity level of nanograined ceramics arising from its
non-equilibrium character and high concentration of grain boundaries.

IIpoBesieHO CPaBHUTEJIbHOE HCCJIEJOBAHUE ONTUUYECKOIO IPONYCKAHUA, TEPMOCTHUMYJINPO-
BAHHOM JIIOMUHECIEHIIUU U (POTOJIOMUHECIEHIINN C BPEMEHHBIM paspellleHneM IIPU Bo30Y:K-
JeHUU CUHXPOTPOHHBIM M3JydeHNeM B 00JacTh (PyHIAMEHTAJLHOrO MOTJIOMIEeHUsI HaHO3epPeH-
Hoii kepaMuKu Y3Al;O,, ¥ MOHOKDHCTAIIOB AHAJIOTMYHOrO cocrasa. IloBeJeHne HaHO3EpeH-
HOII KepaMuKu OJM3KO K TaKOBOMY /Jisi MOHOKPHCTAJNJIOB C OOJBIION KOHIleHTPAI[Hei
aHTHUCTPYKTYPHEIX nedekTos Y,. Habromaemere pasauums B ONTHYECKMX M JIOMUHECIEHT-
HBIX CBOMCTBAX KPHCTAJJIOB 1M HaHOKepaMHKH Y;Al;0,, 06yciIoBieHEl Gosee BBHICOKOII cTemme-
HBIO JMe(eKTHOCTM HAaHO3epPeHHOM KepaMWKH, CBI3aHHOW C HepPaBHOBECHLIM XapaKTEpPOM ee
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IIOJIYyUYeHUud " BBICOKOIT KOHHEHTpaILI/Ieﬁ MeK3€pPeHHbIX I'DaHWUII.

1. Introduction

Nanograined ceramics (NC) with a typi-
cal grain size less than 100 nm based on
Y3Al5045 (YAG) represents a new type of
optical materials perspective for application
in photonics, laser and scintillation tech-
niques. The main distinctive feature on
nanoceramics is extremely high concentra-
tion of atoms within grain boundaries, nor-
mally from 10 to 50 % . As a result, optical
and electronic properties of nanoceramics
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are substantially different in comparison
with  bulk materials. For instance,
nanograined Al,O; shows new luminescence
band originated from surface Fg'-centers;
has faster luminescence decay and higher
luminescence yield compared to correspond-
ing single crystals [1]. Differences in opti-
cal properties of the nano- and single-crys-
talline form of other garnet matrix
Y3sFes04, were observed in [2]. Studies of
luminescent properties of YAG nanoceramics
are limited only by activated materials [3—
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6]. Luminescent properties of nominally un-
doped YAG nanoceramics are insufficiently
presented in modern literature. Recently in
works [7, 8] we have compared the lumines-
cent properties of YAG:Ce single crystals
(SC), single crystalline films (SCF), nano-
powders (NP) and transparent microceramic
(MC) under excitation by synchrotron radia-
tion (SR) in the VUV range. We showed [7,
8] that the differences in the spectral-ki-
netic characteristics of the Ce3* lumines-
cence in YAG:Ce phosphors are caused by
the significant differences in preparation
methods; namely the concentration of an-
tisite defects (AD) and oxygen vacancies as
main types of defects in garnet compounds.
These types of defects can play the role as
emission and trapping centers and strongly
contributed to the energy transfer processes
from YAG host to Ce3* emission centers. In
this work we continue our research of the
luminescent properties of the different crys-
talline forms of YAG. The aim of this work
is to compare the intrinsic luminescence of
YAG NC and SC under excitation by syn-
chrotron radiation in the exciton range of
YAG host. YAG is not only excellent laser
and scintillation material, but also an at-
tractive model object for investigation of
optical properties in nanocrystalline forms
due to well-known optical properties for the
bulk SC form [9,10].

2. Experimental

Custom-made Y3Al;0¢, low-agglomerated
nanopowders were produced by reverse
strike co-precipitation method with addition
of sulfate ions as a dispersant. Sulfate ions
adsorbed onto the particle surface form dou-
ble electric layer thus increasing interparti-
cle repulsion forces and improving powder
dispersity. The single-phase YAG powders
were consolidated under the thermobaric
static conditions at a toroid-type high-pres-
sure apparatus. The consclidation was car-
ried out under 7.7 GPa pressure in the 25—
550°C temperature range [11, 12]. The YAG
SC were crystallized from the melt at
1970°C by the Czochralski method. Signifi-
cant difference in the preparation condi-
tions of YAG SC and NC (fabrication tem-
perature, atmosphere, pressure etc.) is
strongly reflected on the concentration of
Ya AD (Y cations in the positions of Al
cations) and oxygen vacancies and related
emission and trapping centers [7, 8, 13-15].
The total transmittance of YAG SC and NC
samples in the 250-1100 nm wavelength
range was studied on a Perkin-Elmer

Functional materials, 19, 1, 2012

"Lambda-35" spectrophotometer using inte-
grating sphere. The TSL glow curves of
YAG SC and NC were recorded using a
home-made setup equipped with a FEU-79
PMT at a heating rate of 5 K/min. The
samples were irradiated with X-quanta
(RUP150/300-10-1 X-ray unit, Cu anode;
U=160 kV, I =9 mA) at room tempera-
ture. Comparative analysis of the time-re-
solved intrinsic luminescence of YAG and
YAG:Ce NC and SC has been performed
under excitation by pulsed (0.127 ns) SR at
the Superlumi experimental station (HASY-
LAB at DESY) with an energy of 3.7-
25 eV. The emission and excitation spectra
were measured with monochromators ARC
and PMT Hamamatsu R6358P, both in the
integral regime and in the 1.2-12 and 150—
200 ns time intervals (fast and slow compo-
nents, respectively) in the limits of SR
pulse with a repetition time of 200 ns. The
decay kinetics of luminescence was meas-
ured in the 0-200 ns time range at 10 K.
The excitation spectra were corrected for the
spectral dependence and intensity of the exci-
tation energy; the emission spectra were not
corrected.

3. Results and discussion

High-pressure sintering is a powerful
tool to produce dense nanograined ceramics
due to activation of the consolidation proc-
ess via active movement of particles as a
whole, destruction of agglomerates and clos-
ing of large pores. YAG translucent
nanograined ceramics with a density of
99+2 % has been produced under P = 7.7 GPa
and the temperature of about 0.2 of YAG
melting point. The ceramics has average
grain size of 20-40 nm, comparable to that
of the initial nanopowders (38.5 nm). Thick-
ness of grain boundaries of YAG nano-
ceramics ranges from 1 to 2 nm. The nano-
ceramics characterize by negligible residual
porosity with a typical pore size in the nanos-
cale range (~10 nm) [11, 12].

Fig. 1 shows the total transmittance
spectrum of roughly-polished YAG
nanograined ceramics. The transmittance of
63 % at A =1064 nm achieves 75 % of
theoretical value (84 % in the visible wave-
length range). As known, residual porosity
is a main factor governing the transparency
of ceramics due to large difference in re-
fractive indexes between the ceramics and
gas-filled pores. The maximal scattering oc-
curs when the pore size is equal to the
wavelength of incident light. In our case
pores are too small (10 nm) to produce sig-
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Fig. 1. Total transmittance of 1 mm thick
Y3Al50,, single crystal (I) and nanograined
ceramics (2) sintered for 60 s at a pressure of
~7.7 GPa and temperature of 350°C.

nificant scattering [12]. This means that an-
other mechanism of light scattering exist in
our samples, namely light absorption by
micro-defects or additional scattering of
light by rough surfaces of ceramies, since
the size of structural units forming ceram-
ics (grains, pores and grain boundaries) is
much smaller than visible light.

Taking into account extremely high ex-
tension of grain boundaries and increased
concentration of point defects in
nanograined ceramics, one can assume that
defect structure of ceramics could be re-
vealed in luminescent recombination proc-
esses, such as thermally stimulated lumines-
cence (TSL). Fig. 2 shows TSL glow curves
of YAG SC and NC obtained at heating rate
of 5 K/min after irradiation with X-ray
quanta (9000 R dose). The deconvolution of
experimental plots into elementary peaks
was done by GlowFit software assuming
first-order kinetics [16]. The TSL curves of
YAG SC and NC are non-elementary and con-
sist of groups of peaks in the 300-525 K
temperature range. TSL of single crystal
contains several peaks at T = 330, 370, 400
and 500 K, idicating the presence of four
traps of charge carriers (Fig. 2, a). The ac-
tivation energy of main TSL peak at T =
500 K is 1.55 eV. The glow curve of nano-
ceramics demonstrates significant distine-
tions as compared to single crystals and
presents superposition of number of peaks
quasi-continuously distributed in the T =
300-525 K range. Although at least six
peaks can be revealed in the TSL glow-
curve, we failed to correctly estimate their
energetical parameters because the peaks
are strongly overlapped (Fig. 2, b). The
light sum storaged by nanoceramics is
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Fig. 2. TSL glow curves of Y;Al;O,, single
crystal (a) and YzAl;0,, nanograined ceramics
(b) irradiated with X-ray quanta (9000 R dose).
The open circles denote experimental points,
the solid lines — fitting by first order kinetics.

2.5 times higher than that of single crys-
tals, specifying the higher concentration of
point defects trapped the charge carriers.
As known, energy of X-ray quanta (E =
30 keV) is insufficient to create stable ra-
diation defect in complex oxides by impact
mechanism, because relatively high thresh-
old displacement energy. Formation of dis-
placement defects in YAG anionic sublattice
requires energy of 40 eV [17]. For this rea-
son observed TSL is most likely connected
with "recharging” of genetic (intrinsic or
growth) defects or impurity ions. Strictly
speaking, the presence of thermally stimu-
lated luminescence allows only make conclu-
sions about number of defects and their ac-
tivation energy (location of levels of defects
in band gap), not on their nature. Assuming
identical radiative recombination mecha-
nisms for both YAG SC and NC single crys-
tals and nanograined ceramics, one can con-
clude the higher deficiency of nanoceramiecs.
The shape of TSL curve of nanoceramics
demonstrates similarity with oxide glasses
having quasy-continuous distribution of
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Fig. 3. Luminescence spectra of YAG NC (a) and SC (b) at 10 K under excitation by SR with
energies indicated in legend of figures, in the exciton range of YAG host.

l,au.r 6.98 eV
' 6.75 eV
ol 6.5eV ol S55 o Vo9 ev 1-1,, =250 nm (STE)
I 1 -A,,= 240 nm (STE) : '{ 78eV 2.3 =330 nm (Y, AD)
08 2 -2 =290 nm (LE(AD)) 1y 3-2, =490 nm (F)
0O r 3-7"em=330 nm (YAIAD) 08 ! ] ".5.\-\_\
4 -2_=400 nm (F'(AD) 18 8.08
06 06 6.11 L {] 4
AL 1 -
. eV \ :|‘ - Eg
”.
0.4 0.4} F
! \
...... 527ev b B UL ST
0.2 - 02F s ;
0.0 I I I I I I 1 0.0 I . I . I I I I L 1
5 6 7 8 9 10 E,eV 5 6 7 8 9 10 E,eV

Fig. 4. Excitation spectra of the different emission

traps. Numerous grain boundaries, surface
states and microstrains presented in nano-
ceramics leads to redistribution of existing
and to creation of new traps not typical for
single crystals.

The luminescence spectra of YAG NC (a)
and SC (b) at 8 K under excitation by SR
with different energies in the YAG exciton
range are shown in Fig. 8. The normalized
emission spectra of YAG NC (Fig. 3a) con-
sist of the set of broad bands in the UV and
blue ranges peaked at 260, 298, 334, 395
and 490 nm. By analogy with the well-
known structure of the intrinsic lumines-
cence of YAG SC (Fig. 3b) [13—-15], the men-
tioned emission bands of YAG NC are
caused by the radiation decay of a self-
trapped excitons (STE) and excitons, local-
ized around Y, AD (LE(AD) centers); the
recombination emission of Y, AD; the lumi-
nescence of F' centers (oxygen vacancy with
one trapped electron), localized around Yy,
AD and the emission of F centers (oxygen
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centers in YAG NC (a) and SC (b) at 10 K.

vacancy with two trapped electron), respec-
tively. The luminescence bands of YAG NC
in the orange-red range are caused by Eu3*
trace impurity (Fig. 3a).

The intensity of the luminescence of STE
and Y, AD related centers is at least by one
order of magnitude lower in YAG NC (Fig.
3a) than that in the SC counterpart (Fig.
3a). Specifically, at 8 K the STE lumines-
cence in the 254 nm band is dominating in
the spectra of YAG SC (Fig. 3a) whereas for
YAG NC the intensity of STE emission is
comparable with the intensity of AD-related
bands and F' centers (Fig. 8b). This result
shows that Y, AD and charged oxygen va-
cancies strongly contribute to the total out-
put of the intrinsic luminescence of YAG
NC. The concentration of these intrinsic de-
fects is very high at the boundaries of NC
grains and strongly decreases in the main
volume of YAG NC [7, 8].

The excitation spectra of the different
intrinsic emission centers in YAG NC (a)

51



Yu.Zorenko et al. /| Luminescent properties of ..

I, a.u.

1000 |-
1-E_=7.075eV;_ =240 nm (STE)
2-E_=7.075eV; 2 _= 295 nm (LE(AD)
3-E_=6.96eV;A_=330nm(Y, AD)
4-E_=6.96eV;_=400 nm (F(AD))

100 L L L
0 50 100 150 t, ns

a

2 Yy AD
~
1 STE
1000
1-E,=69eV; A =250 nm
2- Eex= 6.74 eV, A= 330 nm
3- Eex =6.74 eV, lem =480 nm
100 ¢
10 1 1 1
0 50 100 150 A, nm
b

Fig. 5. Decay kinetics of different emission centers in YAG NC (a) and SC (b) at 10 K under
excitation by SR with energies, indicated in figures.

and SC (b) at 10 K are shown in Fig. 4.
Apart from the generally the same struc-
ture of excitation bands, we find some im-
portant differences in the excitation spec-
trum of YAG NC with respect to the excita-
tion spectra of the similar centers in YAG
SC. Namely, positions of the excitation
bands of STE emission in YAG NC at 7.06
and 7.5 eV differ from the positions of the
same bands at 6.9 and 7.8 eV in the excita-
tion spectrum of the SC counterpart. Such a
significant low-energy shift (~0.16 eV) of
the main excitation band of the STE emis-
sion in YAG SC with respect to the excita-
tion spectrum of YAG NC reflects the domi-
nant contribution of Y, AD to their lumi-
nescent properties. As oppose to YAG SC,
position of the main excitation band of the
STE luminescence of YAG NC (with lower
than in SC concentration of AD in the main
volume [7]) is closer to position of the STE
bands in YAG single crystalline films at
7.17 eV [14, 15], where the AD are com-
pletely absent.

The main band in the excitation spec-
trum of the Y, AD luminescence at 334 nm
in YAG NC (Fig. 4a, curve 3) is signifi-
cantly broader and strongly low-energy
shifted to 6.6 eV with respect to position of
the narrow peak at 6.75 eV for AD emission
in YAG SC (Fig. 4b, curve 2). This result
reflects strong involving other defect cen-
ters, namely, the oxygen vacancies, in the
formation of energy structure of Y, centers
in YAG NC. The last conclusion is also sup-
ported by very close structure of the excita-
tion spectra of the emission of Y, AD and
FT(AD) center in YAG NC in the exciton
range (Fig. 4a, curves 3 and 4, respec-
tively). The excitation spectrum of the F*
(AD) center luminescence in YAG NC (Fig.
4a, curve 4) is also notably broader in the
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exciton range and is shifted to 6.5 eV in
comparison with the excitation spectrum of
the F-center luminescence in YAG SC
(Fig. 4b, curve 3) with main maximum at
6.65 eV and bumps at 6.11 and 5.27 eV. There-
fore, the strong coupling of the AD and oxygen
vacancy-related centers is expected in YAG NC,
mainly at the boundaries of grains [7, 8].

The decay kinetics of the luminescence of
STE and different defects centers in YAG
NC and SC is shown in Fig. 5. All of the
decay curves present the typical superposi-
tion of fast (in range of few ns) and slow
(in the range of hundred ns-us) emission
components, presumable corresponding to
the singlet-singlet and triplet-singlet radia-
tion transitions [183, 14]. Such a type of the
decay kinetics is characteristic for the ra-
diation decay of STE or excitons localized
around all intrinsic defects as well as for
the luminescence of excitons bound with the
mentioned defects of YAG host [7, 8, 13,
14]. From comparison of the corresponding
decay curves in Fig. 5, we find that the
decay kinetics of the same centers is faster
in YAG NC (Fig. 5a) than in YAG SC (Fig.
5b). Most probably that such differences in
the shape of the decay curves for the same
centers reflect the difference in the relative
concentrations of Y, AD, F', F centers and
their aggregates in the samples under
study.

4. Conclusions

It has been shown that YAG nanograined
ceramics has much more defect structure
compared to corresponding single crystals
resulting in higher intensity of thermally
stimulated luminescence. The analysis of
the luminescent properties of YAG nano-
ceramics in comparison with single crystal
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analogues allows us to conclude that the
behavior of NC is situated clothe to the
properties of SC with large content of Y,
antisite defects. The complex intrinsic UV
luminescence of YAG NC in 200-500 nm
range as well as that of YAG SC is caused
by the radiation decay of self-trapped exci-
tons and exciton, localized around Y, an-
tisite defects; the recombination emission of
Y AD themselves; the luminescence of Ft
centers, localized around Y, AD as well as
the intrinsic emission of F centers. Y, AD
and charged oxygen vacancies significantly
contribute to the total output of the intrin-
sic luminescence of YAG NC. The relative
intensity of FT™ centers is significantly
higher in YAG NC than that for SC counter-
part. This presupposes the strong coupling
of the AD and oxygen vacancy-related cen-
ters in YAG NC, mainly at the boundaries of
grains. The position of the main excitation
band of the STE luminescence in YAG NC at
7.07 eV is significantly (~0.16 eV) high-en-
ergy shifted with respect to the same band
in the YAG SC counterpart indicating
strong decrease the concentration of Y, AD
in the main volume of YAG NC with respect
to the SC analogues.
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JIroMiHECIIeHTHi BJIACTHBOCTI HAHO3€PEHHOI KepaMiKu
Ta MOHOKpucraiiB Y3Al;0,,

I0.30openko, T.Bo3uak, B.'op6enko, A./Jlopowenko,
O.Toamawos, P.Aeeyvrui, I.Ilempywa, B.Typresuun

IIpoBemeHo MOPiBHAJBHI TOCHIAKEHHS ONTHUYHOTO IPOIYCKAHHS, TEePMOCTHUMYJIbOBAHOL
JIoMiHecIeHIIil Ta (oToNIOMiHECIeHIIi] 3 YACOBUM PO3AiJIeHHAM IIpU 30yI:KEeHHI CHHXPOTPOH-
HUM BUIIPOMiHIOBAHHAM B 00JiacTi (PyHIZAMEHTAJLHOI'O IMOTJIMHAHHS HaHO3epeHHOlI KepaMiKku
Y3Al;0,, Ta MoHOKpHCTaNiB amHamoriuHoro ckianxy. BiactuBocTi HaHOsepeHHOI KepaMmikm
OJMBBKi MO TAKol AJA MOHOKPHUCTAJIIB i3 38HAUHOIO KOHIIEHTPAIIi€0 aHTUBY3eJIbHUX HedeKTiB
YA|. CroocrepeskeHi BiiMiHHOCTI B OITHYHMX Ta JIOMiHECIEHTHHX BJIACTUBOCTSX KPHCTAJIIB Ta
HAHO3ePeHHOI KepaMiku 0o0yMOBJieHi OinbIll BHCOKMM cTyleHeM mge)eKTHOCTI HAHO3E€PEeHHOIL
KepaMiKku, AKHIl BUHMKAE uepe3d HEPIiBHOBAKHUN xapakTep Iii OoTpPUMaHHS Ta BHCOKY KOH-

I[EeHTPAI[ilI0 MijK3ePEeHHUX I'PAHUIIb.
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