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Abstract—We present results of a detailed study of defect formation processes and their effect on the optical
properties of gadolinium aluminum gallium garnet crystals with partial aluminum substitution for gallium in
the cation sublattice—Gd;Al;Ga,04, (Al : Ga = 1:4), Gd;Al,Ga3;0; (Al: Ga=2: 3), and Gd;Al3;Ga,0,
(Al: Ga=3:2)and cerium-doped crystals: Gd3A12Ga3012:Ce3+ (GAGG:Ce). X-ray photoelectron spectroscopy
and X-ray fluorescence analysis data demonstrate gallium deficiency relative to the stoichiometric composition in
all of the crystals studied. The results obtained are used to analyze processes underlying the formation of struc-
tural growth point defects in gadolinium aluminum gallium garnet crystals. F-centers have been shown to be the
predominant point defect species. We also have demonstrated the formation of Schottky defects and V-centers.
The formation of additional F-centers in cerium-doped garnet crystals is happening. The refractive indices and
attenuation coefficients of the crystals have been shown to depend on the Al : Ga ratio and doping with cerium.
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INTRODUCTION

Crystals with the garnet structure have been known
as media for laser applications since the late 1970s. A
search for an optimal stoichiometric composition for
new research areas led in 2011 to the synthesis of
Gd;Al,Ga;0,,:Ce (GAGG:Ce) crystals. Such crystals
belong to a new generation of scintillators and have
found application as materials of active elements in
high-energy radiation detectors [1—5].

Important parameters of GAGG:Ce for subse-
quent application as a scintillating material are light
yield and scintillation decay time [6, 7]. For this rea-
son, to obtain crystals with commercially attractive
properties, the vast majority of studies are concerned
with the scintillation properties of GAGG:Ce [3, 5, 8—
10] and improvement of its performance parameters
[3, 10]. Structural point defects, including those due
to the presence of dopants [11, 12], can have a negative
effect on the optical quality of crystals and impair their
scintillation and lasing characteristics [13]. The defect
structure of GAGG:Ce and Gd;AlL Gas_ O, (x = 1-3)
has not yet been studied in sufficient detail [14—21].

The aim of this work was to study how defect for-
mation processes are influenced by isomorphous sub-

stitutions of aluminum and gallium in the cation sub-
lattice and doping with cerium and how they influence
the optical properties of the crystals.

EXPERIMENTAL

Crystals for this investigation were grown at JSC
“Fomos Materials” in iridium crucibles by the
Czochralski method under an Ar + 1-2% O, atmo-
sphere. The compositions of the growth charge were
Gd, y;AL,Ga;0,,:Ce o3 and Gd;AlGas O, (x = 1-3).
Samples for measurements had the form of plates pol-
ished on both sides.

Elemental compositions were determined using
X-ray fluorescence (XRF) analysis on an ARL Per-
form’X spectrometer and X-ray photoelectron spec-
troscopy (XPS) on a PHI5500VersaProbell (ULVAC-
PHI) spectrometer at the Shared Core Facilities
“Materials Science and Metallurgy,” NUST MISIS.

Photoemission in the XPS method was excited by a
50-W monochromatic Al K, (hv = 1486.6 eV) X-ray
source. The beam diameter was 200 um. Atomic con-
centrations were determined from the measured inte-
grated intensity of the O 1s, Gd 4d, Ga 3p, and Al 2p
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Table 1. Cation concentrations in the crystals
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Atomic percent

Element calculated from the growth charge composition XRF/XPS*
GAGG:Ce3"|Al: Ga=1:4|Al:Ga=2:3|Al:Ga=3:2| GAGG:Ce3" |Al:Ga=1:4/Al:Ga=2:3|Al:Ga=3:2

Gd 14.85 15.00 15.00 15.00 14.78/16.00 15.15 15.86 13.95

Al 10.00 5.00 10.00 15.00 12.98/10.80 7.12 12.89 17.08

Ga 15.00 20.00 15.00 10.00 12.08/14.40 17.73 11.25 9.01

Ce 0.15 — — — 0.03/— — - —

* On a cleaved surface.

lines using survey scans and relative atomic sensitivity
factors (PHI database).

XPS was used to study a sample of a crystal with the
composition Gd;Al,Ga;0,,:Ce*". To preclude surface
contamination, the crystal was cleaved in air immedi-
ately before loading into the spectrometer.

Elemental compositions were determined by XRF
analysis in vacuum at a pressure of 5 Pa in the cham-
ber, using a 1.5-kW source. The data were analyzed
using UniQuant software.

Optical properties were studied at the Interdepart-
mental Educational-Testing Laboratory of Semicon-
ductor and Dielectric Materials “Single Crystals and
Stock on their Base” of NUST MISIS. Spectral
dependences of transmittance 7 at normal incidence
of naturally polarized light and spectral and angular
dependences of reflectance R of P-polarized light for
evaluation of the refractive index N by the Brewster
method [22] were obtained on a Cary-5000 spectro-
photometer equipped with an UMA accessory. The
experimental data were used to calculate the attenuation
coefficient i (cm™') with allowance for reflection and
refraction in compliance with the Russian Federation
State Standard GOST 3520-92, using the relation

_nt__1
d d

g2 (1)

2
4 2
<inl 11 i +[N+1} 1 _8N -,
T(v-1'| IN-U (v -
where T (dimensionless) is internal transmission with

allowance for reflection and d (cm) is the thickness of
the sample.

RESULTS AND DISCUSSION

During high-temperature Czochralski growth of
gallium-containing crystals, gallium vaporizes in the
form of its oxides [13, 19], in agreement with previ-
ously reported data [23] on active vaporization of gal-
lium oxides and oxygen above 1000°C. The melting
point of GAGG:Ce is known to be 1850°C [24]. Vola-
tility of components is determined by their partial
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pressure in the growth chamber. The main processes
then are Ga,O and O, vaporization.

This can be accompanied by defect formation pro-
cesses. With allowance for electroneutrality, they can
be described by quasichemical reactions represented
by the following equations:

mO,T < 2mVy" + 4me,

()
nGa,0T & 20V~ +nVi" +4nh. (3)

Here, to maintain electroneutrality, we introduce the
coefficients m for O, and »n for Ga,O (m > n), which
characterize the amount of vaporized components.

The processes in question lead to the presence of
unoccupied lattice sites in the grown crystal, that is, to
the formation of gallium vacancies (V;, ) and oxygen

vacancies (V; "), which, combining with free electrons
(e) and holes (h), can form Schottky point defects (.5),
F-centers (F,), and V-centers (V). For Egs. (2) and (3)
to retain integer coefficients, they are increased by
three times:

2nVs, +3nVy" < nsS, 4)
6mVy" +12me <> 6mF,, ®)
4nVi~ +12nh & 4nV,. (6)

Since m > n, the number of F, growth point defects
exceeds that of S and V, defects.

Using XRF analysis and XPS (of cleaved surfaces),
we determined the concentrations of the major ele-
ments Gd, Al, Ga, O, and Ce in all of the crystals under
study (Table 1). The results demonstrate that the elemen-
tal compositions of the crystals differ from the intended
ones, with gallium deficiency in all of the crystals.

Thus, influencing the formation of structural
growth point defects, such as F,, V_, and §, gallium
oxide and oxygen vaporization processes occur in all
of the Gd;AL Gas_ O, (x = 1-3) and Gd;Al,Ga;0,,:
Ce3* crystals under study.

To assess the effect of cations substitutions and
doping with cerium on defect formation processes, it is
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necessary to examine the distribution of elements over
the corresponding sites in the garnet structure. Each
unit cell in the garnet structure contains 160 atoms, of
which 96 are anions forming coordination polyhedra
(dodecahedra, octahedra, and tetrahedra) and 64 are
cations, which are distributed over the coordination
polyhedra as follows: 24 in the dodecahedra, 16 in the
octahedra, and 24 in the tetrahedra [25, 26]. As shown
earlier [25—27], Gd*" resides predominantly on dodeca-
hedral sites and, in addition, can be encountered in
octahedra [26, 28], whereas the AI>* and Ga’" cations
are distributed over octahedral and tetrahedral sites.

The elemental compositions determined experi-
mentally in this study and previously reported data
[25—27] on the distribution of the constituent ele-
ments over coordination polyhedra lead us to assume
probabilistic defect formation models presented below.

For the formation of one unit cell corresponding to
the Gd;Al,Ga;_,O,, composition, the amounts of the
constituent oxides Gd,0;, Al,O;, and Ga,0; in the
growth charge should correspond to the following
equations:

12Gd,0; <> 24Gd™" + 360, (7)
4xA1,0; < 8xAl™™ +12x0", (8)

4(5 - x)Ga,0; <> 8(5—-x)Ga"""
+12(5-x)0".

In an ideal case, one Gd;Al,Gas_, O, unit cell is
formed by 24Gd3*, 8xAI’*, and 8(5 — x)Ga®*. The
probabilistic model takes into account that the gado-
linium and aluminum are entirely, without losses,
accommodated in one unit cell because they form no
volatile compounds with oxygen. To model defect for-
mation processes determined by gallium deficiency in
an ideal crystal lattice, we take into account XRF
results on gallium deficiency (Ag,) per unit cell:

_ Y865 = X)
Weh ’

(©))

Aca (10)
where w,, is the gallium concentration in the grown
crystal as determined by XRF analysis (Table 1) and
W, is the gallium concentration in the growth charge
(Table 1).

To estimate the deviation of the actual unit-cell
composition from the ideal one, we introduce a spe-
cific coefficient, 3, which is the ratio of the total sum
of cations in an ideal unit cell (64 atoms) to the actual
number of cations per unit cell:

326—4
Ag, + 8x + 24

The closer is B to unity, the more perfect is the
crystal structure and the smaller is the deviation from
the stoichiometric composition.

(11)
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Table 2. Specialized coefficient B for undoped Gd;Al,-
Ga;_, O, crystals

Crystal | Al: Ga=1:4 | Al:Ga=2:3 | Al:Ga=3:2
X 1 2 3

Aga 27 17 14

B 1.08 1.12 1.03

In the case of the undoped crystals under study, the
smallest deviation is observed for the crystal with an
Al : Garatio of 3 : 2, which points to a lower density of
point defects in the grown crystal (Table 2).

To dope a Gd;Al,Ga;0,, crystal with cerium, CeO,
is added to the growth charge. Its oxidation state in the
grown crystal was determined by X-ray absorption
near edge structure (XANES) spectroscopy, which
showed that the oxidation state of cerium in the crys-
tals under investigation was 3+ [29].

Equations describing defect formation processes

should take into account changes in the charge state of
the cerium added to the growth charge:

2Ce0, <> 2Ce™ +407, (12)

2Ce™ +2e > 2Ce™. (13)

For a change in the charge state of cerium, free
electrons (e) are needed, which can be provided by reac-
tion (14) because a large amount of oxygen vaporizes:

60, < 30,T + 6V5" +12e. (14)

According to Tyagi et al. [9], Ce** can reside on
dodecahedral sites. However, the ionic radius of Ce3*
allows it to occupy octahedral sites as well, without
impairing stability of the coordination polyhedron.
According to Shaskol’skaya [30], if the ratio of the
ionic radius of a cation (R,) to that of an anion (R,)
falls in the range 0.41—0.73 (in the case of octahedra),
the cation can occupy the site without distorting the
coordination polyhedron. The ratio R/R, is 0.72,
where R, = 1.010 A and R, = 1.40 A. This suggests that,
upon incorporation of Ce?" into octahedra, the coor-
dination polyhedron retains its stability. In such a case,
after the change in its oxidation state, cerium in the
form of Ce*" can force out Ga’" from its octahedral
site, and the released Ga3* can capture electrons, with
a change in its charge state to Ga™, and then combine
with oxygen to form Ga,0, a volatile oxide:

2Ga""" 4+ 4e & 2Ga”,

(15)
2Ga" + 0 < Ga,OT. (16)

Free oxygen can fill an oxygen vacancy (17), and
the V5" and e left can form an F, defect (18):

3V, +307 < 30,, (17)

INORGANIC MATERIALS Vol. 59 No.8 2023
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Fig. 1. Spectral dependences of the attenuation coefficient for the GAGG:Ce*" and Gd;Al Gas_, 01, (x = 1-3) crystals.

V5" +6e <> 3F,. (18)

Thus, the addition of CeO, to the growth charge
has been shown to produce additional F, defects in
Gd;Al,Ga;0,,:Ce?*.

Onptical properties of the crystals. In this study, we
obtained light attenuation coefficients with allowance
for previously measured refractive indices of the crys-
tals under investigation [25, 29]. In previous studies
[25, 29], refractive indices were observed to increase
with decreasing aluminum concentration in the cation
sublattice. Spectral dependences of attenuation coef-
ficients (Fig. 1) for all of the crystals under study are
nonmonotonic, with maxima in the range A = 300—
310 nm, due to intraconfigurational transitions
(477 configuration) of Gd*" [9]. Attenuation in the
crystal with an Al : Ga ratio of 3 : 2 is weaker than that
in the other undoped crystals, which suggests a lower
density of structural defects and is well consistent with
results inferred from the proposed model.

Doping with cerium leads to an increase in absorp-
tion throughout the spectral range studied and causes
strong, broad bands to emerge at A,,,,, ~ 340 and 440 nm.
In the literature [9], the strong, broad absorption band
at A, ~ 440 nm in attenuation spectra of GAGG:Ce
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crystals is assigned to only Ce3* 4/—5d interconfigura-
tional transitions. However, these bands are rather
strong and broad, so they cannot arise from only inter-
configurational transitions. As shown in the probabilis-
tic defect formation model presented above, the incor-
poration of cerium into a crystal leads to the formation
of additional F, defects and their complexes, which are
color centers and can produce additional bands in the
range 400—500 nm. Such an effect was observed in sim-
ilar mixed crystals with the garnet (Y;Al;0,,) structure,
including those doped with cerium [32—34]. In con-
nection with this, we conclude that the absorption band
with A, ~ 440 nm is due to two mechanisms: Ce3* 4f—
5d interconfigurational transitions and formation of F;
structural point defects and their complexes.

CONCLUSIONS

We have studied the effects of defect formation in
Gd;AlLGa;s_, O}, (x = 1-3) crystals and the presence of
cerium in Gd;Al,Ga;0,,:Ce3* on spectral depen-
dences of attenuation coefficients. The results demon-
strate that the crystal with an Al : Ga ratio of 3 : 2 has
the weakest attenuation, which suggests a lower den-
sity of structural defects in this crystal.
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A probabilistic defect formation model has been
proposed for crystals with isomorphous substitutions
of gallium and aluminum in the cation sublattice:
Gd;AlL Gas_ O, (x = 1-3) and Gd;Al,Ga;0,,:Ce*":

(1) Crystal growth is accompanied by the forma-
tion of structural Schottky point defects, F,, and V.
The predominant defect species is F.

(2) The Ce’*"-doped crystals contain additional F,
defects in the form of complexes because cerium
forces out gallium from the octahedral site.

(3) Doping with Ce3* leads to the formation of a
broad absorption band at A, ~ 440 nm, which is due
to two mechanisms: Ce3" 4/—5d interconfigurational
transitions and formation of F structural point defects
and their complexes.
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