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Correlation between growth conditions, point defects appearance, their absorption and
spectral-kinetic luminescence characteristics in yttrium-aluminum garnet-based crystals is
analyzed. The physical processes are strongly related to the intrinsic lattice defects and
composition deviation from the stoichiometry. It is shown that presence of antisite and
vacancy-type defects or foreign atoms incorporation results in additional channels of
excitation energy dissipation in pure and doped yttrium-aluminum garnet crystals.
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Paccvorpensl KpucTagdoXHMHUUYEeCKHe OCOOEHHOCTH CBOMCTB COEIMHEHUH CO CTPYKTYpPOU
rpaHaTa, OUpeIeldIolie MPOABICHNE OTKJIOHEHUN OT CTEXHMOMETPHUUYECKOro cocrasa. lIpen-
CTaBJIeHBl Pe3yJbTATHI HCCHEJOBAHUA aO0COPOIMMOHHBIX M JIOMUHECIEHTHBIX IIapaMeTPOB
KPUCTAJLIOB aJioMOUTTPpUEBLIX rpanaroe YAG. VeraHoieHo, uTo HaGaiogaeMble CIEKTPAJb-
Hble XaPaKTEePUCTHUKN 3ABHCAT OT HAJUYNSA COOCTBEHHBIX Me(DeKTOB W CJEeLOB IIPUMEcei.
Iloxasano, uToO HApyIIeHWEe CTPYKTYDPHI IPUBOAUT K MHOABJICHUIO MOIOJHUTEJLHBIX KAHAJIOB
IOTEPh IPU II€PEHOCE DHEPrHU.

Jominecnennia medekTie y kpucramax amdiomoiTpiesux rpanaris. H.[Ilupan, O.'ekmin,
K.I'y6enxo, B.Hecmepxkina, I1.Apxinos, C.Tkauenro, O.Cidneyvruil.

Posraagatorbea KpucTamoxiMiuHi 0COBJMBOCTI BIACTUBOCTEIl CIONYK i3 CTPYKTYPOIO
TpaHaTy, K1 BU3HAYAIOTH BiAXWMJIEHHS Bif cTexioMeTpmuHoTo cKJaxy. IIlpuBeseHo pesynnTa-
TU JocaigKens abcoplbuifiHmx 1 smioMiHeceHTHUX TapaMeTpPiB KPUCTATIIB aJrOMOiTpieBUX
rpanatie YAG. BeranoBieno, IO CHEKTPaibHI XapakTepUCTUKM 3ajiesKaTh Big HasBHOCTI
BiracHUX mederTis i gomimok. Ilokasamo, 110 MOPYITEHHA CTPYKTYPU TPUBBOAUTEL A0 TOABU
JOMaTKOBUX KaHAJIB BTpaT NP INepeHoci eHeprii.

1. Introduction

Yttrium-aluminum garnet crystals (YAG)
are very popular not only in scintillation,
but in optical and laser physics and applica-
tions. All garnet crystals grown from melt
have non-stoichiometric defects due to dif-
ferent wvolatile raw material components
leading to the incorporation of yttrium into
AR octahedral sites. Stoichiometry deviation in
YAG crystals are studied by XRD and lumines-
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cence methods [1-3]. Estimation of the defects
quantity and experimental data show that the de-
fects concentration could be high and depends on
the growh conditions. The nature of these defects
appearance points that they could not be fully re-
moved by post growth heat treatment.

Usually three main non-stoichiometric de-
fects are dominated in garnets: antisite de-
fects, cation and oxygen vacancies. General
mechanisms of the defect formation looks as
the follows [4—6]:
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— Disorder in the garnets is associated
with formation of the antisite cation defects.
Formation of the Schottky and Frenkel disor-
der involves much higher energies.

— Incorporation of excess Y,0O3 or lan-
thanide oxide in the garnet phase is ener-
getically preferable in comparison with in-
corporation of excess B,O5; (B = Al, Fe, Ga).
This result explains the strong mnon-
stoichiometry experimentally found in the gar-
nets. The trend of the solution energy is in
qualitative agreement with the available solu-
bility data of Y,O3 in the gallium garnets.

— Excess of either Y,05 or Al,O3 appears
to be the main source of oxygen vacancies
in Al and Ga garnets.

— Energetically favorable mechanism for
oxygen nonstoichiometry compensation in
some garnets is provided by the easy reduc-
tion of A3* to AZ* (A-admixture).

Diversity of defects configurations
claim for more complex mechanisms of de-
fect formation in garnets [1-6]. For quan-
titative estimation of the defects concen-
tration the antisites were considered as
dominant [2]. In particular, it was as-
sumed that antisite defects in YAG are the
part of Y ions substituted by Al ions into
the octahedral-coordinated sites. The YA|3+
and other antisite defects (AD), as the ana-
logues of isoelectronic impurities, create
the centers of luminescence in UV region
and related trap centers. In the garnet sin-
gle crystals, which are grown from melt at
high temperatures (T, =1900°C), concen-
tration of the antisites reaches the value of
0.2-0.5 at %.

In general it has to be noted that defect
type and concentration depend on the crys-
tal growth details and significantly differ
for powder, bulk sample, ceramics and thin
films [2, 7—10]. Optical and luminescence
activity of the defects are different depend-
ing on the structure and ability to capture
carriers with color centers creation. In the
last case the crystal is colored and poten-
tially can emit the light after the thermal
and/or optical stimulation.

YAG based crystals and related crystals
can be obtained by different technologies
like horizontal freeze technique, micro-pull-
ing down, liquid phase epitaxy, Edge-de-
fined Film-Fed Growth (EFG), Stepanov
technique, ete, [12-15], but the dominant
tecbhique is the Czochralski (CZ) process.
As it was noted in [14] the amount of pub-
lications dealing with the CZ growth ex-
ceeds the total number of papers related
to all other technique. This connects with
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the use of different growth conditions: raw
material type, temperature regime, crucible
material (Ir, Mo or W), atmosphere, etc. It
was revealed that it is almost impossible ,
even under the same conditions, to growth
crystals with the same properties. This is
called by the difference in post growth
defects type and concentration [14, 15].
Spectroscopic characterization is the most
sensitive method for defects verification.
In the frame of this article we attempt to
make the broad analysis of correlation be-
tween crystal growth technique, point de-
fects appearance and optical properties of
pure YAG crystals obtained under the dif-
ferent growth conditions. In particular,
we study undoped crystals, because activa-
tor ion introduction into the lattice influ-
ences the luminescence features and masks
the manifestation of the initial point defects.

The aim of the current research is an
experimental study of the defects impact
on YAG absorption, emission and secintilla-
tor performance, which demonstrates the
variable emission in the single crystals
grown by the Czochralski technique.

2. Experimental

Series of YAG single crystal with
30 mm diameter and 150 mm length were
obtained from stoichiometric melt by the
Czochralski technique from Ir and Mo cru-
cibles under controlled atmosphere as was
previously described [16]. The crystals
were subjected to the post-grown heat
treatment under air, carbon monoxide and
oxygen atmospheres. Their absorption,
photo- and radioluminescence spectra, as
well as thermostimulated luminescence
were studied. The absorption spectra in
UV-VIS range were measured by means of
a SPECORD 40 spectrophotometer. Spec-
tral characteristics of the photoemission
were obtained using a FLS 920 combined
steady state and fluorescence lifetime spec-
trometer. A Xe900 Xenon lamp was used as
a source of UV excitation. Kinetic measure-
ments were made using a nF900 nanosecond
flash lamp. The X-ray luminescence was ex-
cited by an X-ray tube (Cu-anode, 30 mA,
35 kV). Thermostimulated luminescence
curves was registered in the range of 20 —
450°C under heating the rate of 0.2 °C/sec.

3. Results and discussion

As mentioned above, the features of YAG
single crystal growth process (temperature
gradient, growth atmosphere, doping con-
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Fig. 1. Absorption (a) and X-ray luminescence specra (b) of YAG:Ce crystal. Insert: UV part of luminescence.
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Fig. 2. Absorption spectra of YAG samples from
top and bottom of ingots grown in Ir crucible
under atmosphere of Ar+1.5% O, (2) and in
Mo crucible in reduced atmosphere (1).

centration, accidental impurities) affect the
crystal performance.

Absorption and X-ray luminescence spec-
tra of YAG:Ce scintillation crystal grown by
the Cz-technique are presented in Fig. 1.
Additional absorption and UV luminescence
bands suggest the presence of some defects
in Ce doped YAG crystals. The similar
bands reveal in crystals without cerium. Ab-
sorption spectra of the nominally pure YAG
crystal grown from the same raw material
under different conditions are given as an
example of the atmosphere influence (Fig. 2).
The ingot obtained in Ir crucible under the
atmosphere of Ar+1.5% O, is transparent.
It is remarkable that absorption of crystal
grown in Mo crucible under reduced condi-
tions looks black and opaque. Coloration den-
sity depends on the melting process duration.
So the melt is depleted by oxygen and alumi-
num and the growing crystal acquires an
excess of anionic and cationic vacancies,
their aggregates and color centers. De-
struction of these nonequilibrium growth
defects occurs at the beginning of the
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Fig. 3. Absorption spectra of YAG crystal
grown under reduced atmosphere.

ionic conductivity (T > 900°C). The special
post growth annealing of the crystals (in O,
and Al atmosphere) suppresses the undesir-
able absorption and provides the high
transparency [24]. The absorption spectrum
of YAG crystals grown under the the reduc-
ing (CO) atmosphere consists of two intense
absorption bands at 235 and 370 nm (Fig. 3).
Excitation in these bands causes the appear-
ance of the narrow luminescence band at
396 nm (half width ~ 0.26 eV) (Fig. 4). This
emission has a fast decay constant (~ 2 ns).
Thermostimulated luminescence (TSL) was
detected after X-ray irradiation (Fig. 4,
insert). Previously the similar charac-
teristics were reported for carbon enriched
YAG powder and single crystals wherein the
intensity of photoluminescence and TSL are
strongly dependent on carbon concentration
[19-21]. The carbon doped yttrium-alumi-
num garnet (YAG:C) showed a high sensitiv-
ity to X-ray and UV irradiation and was pro-
posed as a candidate for application in do-
simeters. Our results points out that the
carbon ions play a decisive role in the TL
efficiency. It is noteworthy that the absorption
coefficient for the UV peaks in the studied
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undoped YAG is high and close to that in the
carbon-doped crystals. This results and the
similarity of properties indicate that nominally
pure YAG grown under the reducing atmos-
phere is considerably contaminated with carb-
on. The real nature of the carbon centers is
not clearly understood so far. It is assumed
that such centers are associated with the na-
tive structure defects (F* center and/ or an-
tisite Yp3* [27]) or carbon impurity [20, 21].
Strong luminescence in the near-IR range
with the narrow peak at 800 nm was found
in some crystals under the UV excitation
(Fig. 5). Two absorption peaks at ~ 210 and
255 nm are typical for this case. The ab-
sorption and emission bands essentially en-
forced after post-grown annealing under
oxygen atmosphere. Previously, the similar
optical characteristics were observed for Fe
doped YAG crystals [17]. Therefore, the red
emission can be assigned to the (0%~ — Fe3*)
charge transfer which is in a good agree-
ment with the luminescence excitation and
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emission spectra. Recently the same strong
luminescence peak at 800 nm was found and
attributed to the low level of iron impurity
in undoped YAG single crystals [10, 18].
The photoluminescence studies have shown
the influence of this impurity on the emis-
sion efficiency of CeYAG. This proves that
not only trapping defects are responsible for
the low efficiency of scintillation in Ce:YAG.
Impurities also compete with Ce ions and
reduce their green emission [24].

Study of YAG crystal X-ray excited lumi-
nescence reveals the wide band in uv range
with the maximum at 290 — 340 nm and a
weak shoulder near 400 nm (Fig. 6). As was
claimed in [13, 22, 23, 27-30] UV lumines-
cence consists of the bands attributed to
self-trapped exciton (STE) and intrinsic de-
fects. The STE emission was found near
260 nm at low temperature, whereas more
thermally stable luminescence bands were
detected in the range of 290 — 340 nm up to
the room temperature. Analysis of data pre-
sented in [24] shows that a broad UV peak
near 300 nm has been well-documented, and
several papers report the intense UV emission

under X- and Y- excitation. This UV emission
have been attributed to intrinsic defects lattice
including impurities, oxygen vacancies, alumi-
num vacancies and Yp3* antisites. The more
recent study suggests the color centers and
Ya>* antisites as dominant contributors to
300 nm emission in YAG grown from melt.
The enhancement in X-ray luminescence in-
tensity due to suppression of shallow and
deep trap was shown in [25].

Scintillation properties of the undoped
YAG crystals associated with the intrinsic
lattice defects were presented in [12, 26]. It
was found that undoped YAG crystal is a
promising scintillator emitting in UV region
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Fig.5. a) Absorption spectra of (I) as grown and (2) annealed under oxygen (1200°C, 1h) — YAG
crystal. Insert: induced absorption. b) Excitation (I) and photoluminescence (2) specta of as-grown
crystal. Insert: oxygen annealing impact on luminescence.
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Table. Host defects in YAG crystals

Absorption, nm|Excitation, nm| Luminescence, nm Supposed origin Reference
182 174 260 (< 77 K) STE 8,9, 13, 27-30
180 204 STE (AD) 6, 8, 13
182 323 STE (Yp) 9
334 Y (AD) 9
370 370 395 F* Ya) 9
370 371 897 “Carbon doped F*/Chp 10, 19-21
169, 205, 298 | 169, 205, 298 | 450 — 490 < 80 K n/y F center 27, 31-33
induced
3563, 495, 833 X-ray induced F~ center 18, 34-36
with light yield of 14,300 ph/MeV and g
decay time ~ 460 ns (y 137Cs 662 keV). - 08
Finally the summary of the main experi-
mental data on absorption and luminescence
parameters as well as supposed origins of the 0,6
defects in the undoped YAG crystals are pre-
sented in Table. 0.4
Thermochemical treatment and radiation ’
induced color centers also affect the laser
and scintillation efficiency. However, rela- 0,2
tively few is known about the nature of the
intrinsic and extrinsic defects in the crys- 00
L 1 L |

tals. These defects are always present in YAG
crystals and have to be taken into account
during the analysis of the activated (Ce3*,
Pr3*, etc.) crystals, because their concentra-
tions are comparable. It means that prob-
abilities of interaction between intrinsic de-
fects and activator ions are very high, making
this factor important for scintillation perform-
ance.

Stoichiometry deviation in the YAG erys-
tals was studied by numerical simulation,
XRD, EPR, luminescence spectroscopy and
other methods [5, 6, 36—40]. The simulation
results indicate that the intrinsic disorder in
stoichiometric YAG is dominated by the an-
tisites. The most stable antisite defects (AD)
are represented by nearby located Y, and Aly.
In addition to the thermally induced intrin-
sic defects, extrinsic defects may be created
through interaction with the growth atmos-
phere. Therefore, the defects associated
with deviations from stoichiometry are not
strictly intrinsic defects. Nevertheless, any
deviation from stoichiometry calls a forma-
tion of compensating defect, or series of
defects, that may limit the performance of
scintillators stronger than the intrinsic
defects. These defects form shallow elec-
tron traps, which may hinder the scintilla-
tion response by obstructing the transfer

Functional materials, 23, 2, 2016

300 400 500 A, M
Fig. 6. X-ray luminescence spectrum of
pure YAG crystals at 300 K.

of charge carriers to the luminescent center
[41].

Opinions on the role of AD are currently
under discussion. Thus, the recent studies
on defects in the YAG single crystals have
shown that the dominant defects in the sin-
gle crystals are Al vacancies, O-vacancies
and Al-O vacancies [11, 42]. Based on posi-
tron lifetime spectroscopy measurements
and defect wavelength dispersive X-ray
measurements, the authors anticipate the
presence of the YAI3+ antisite defects to the
low formation energy of their formation
predicted from first principle calculations
[5, 6, 38]. They consider that air or oxygen
annealing can significantly reduce or elimi-
nate the color centers in the YAG single
crystals [11, 42]. This is important, as for-
mation of the color centers and short-wave-
length absorption increase can greatly af-
fect the performance of the YAG crystals in
laser applications. Similarly, formation of
the color centers in response to the X-ray
and y-ray irradiation reduces the efficiency
of YAG based crystals as scintillators.
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4. Conclusion

The strong relation of YAG optical proper-

ties to the presence of lattice defects (either
intrinsic or induced by incorporation of for-
eign atoms) and nonstoichiometry is shown.

In

this connection, a better knowledge of the

defect structure of the garnets would be de-
sirable to tune their properties and even pre-
dict new areas of garnet crystal applications.

. Ch.Milanese,
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