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Spectral-kinetic investigation of the excitation of intrinsic and impurity
was carried out for Ce3+ doped Y3Al5O12 and pure Y3Al5O12 crystals in the
temperature range 8 - 300 K using synchrotron radiation of 4-36 eV. The
decay kinetics (in nanosecond scale) of intrinsic and impurity emission was
studied as well. The spectra of intrinsic emission excitation by 6-36 eV
photons in Y3Al5O12 (emission at 5 eV), YAlO3 (5.9 eV), Al2O3 (7.6 eV)
and Y2O3 (3.4 eV) are compared. The small value of the relative Stokes
shift at the self-trapping of excitons indicates that a hole component of
excitons becomes localized at single oxygen ions.

INTRODUCTION

Wide-gap oxides (WGO, Eg=5-10 eV) doped with various impurity ions are the
most promising new laser and luminescent materials with a high operating temperature
(T�300 K). They are also used for the elaboration of new scintillators and dosimeters of
ionizing radiation (see, e.g., [1-3]). There are two types of luminescence in WGO. The
emissions of impurity centers are widely used for various applications, while several
intrinsic emissions connected with the radiative decay of electronic excitations in a
regular crystal (defectless regions) are detected at low temperatures in crystals with a high
level of purity and perfection. These intrinsic emissions are observed in
cathodoluminescence spectra as well as at a crystal excitation by vacuum ultraviolet
(VUV) radiation at 4-10 K [4-10].

In many cases the luminescence efficiency of impurity centers in WGO depends
on the migration, self-trapping, multiplication and radiative and nonradiative decay of
intrinsic electronic excitations. Thus a complex investigation of both impurity and
intrinsic emissions in a wide temperature region is needed while elaborating new
materials doped with various impurities. This study presents such a complex investigation
in Y3Al5O12 and Y3Al5O12:Ce crystals under excitation by synchrotron radiation of 4-36
eV at 8-300 K.

Single crystals of Y3Al5O12 (or YAG) have an extremely high chemical,
mechanical, thermal and radiation resistance and are widely used in various fields of
technique. The reflection spectrum and several other fundamental optical characteristics
of YAG are thoroughly investigated in a spectral region of 5-40 eV [11,12]. The
luminescent characteristics of Y3Al5O12 crystals doped with rare-earth impurity ions are
studied as well [2,13-15]. We paid special attention to the separation and a careful study
of intrinsic emissions in YAG at the excitation by monochromatic VUV radiation in the
region of fundamental absorption, where intrinsic electronic excitations are formed.
Unfortunately, it was rather difficult in the case of YAG, where a unit cell contains 80
ions, i.e. significantly larger number of ions than �-Al2O3 (10 ions per unit cell), YAlO3
(20 ions) and Y2O3 (40 ions). The spectrum of fundamental absorption of YAG is
complicated and has not yet been interpreted in detail. The experimental data on low-
temperature emissions of Y2O3 (3.4 eV) [16,17], Al2O3 (7.6 eV) [10,18], YAlO3 (5.9 eV)
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[8,19], obtained recently, allow to interpret these emissions as the luminescence of self-
trapped excitons (STE) [20]. A possible connection of the 4.95 and 4.2 eV emissions in
YAG with STE is considered as well [21-24].

In YAG oxygen ions are closely packed and only a part of Al3+ ions have
octahedral surroundings (in contrast to Al2O3 and YAlO3), while another part of Al3+ is in
tetrahedral surroundings. Y3+ ions are surrounded by eight oxygen ions each. In the YAG
crystals, grown from the melt, a small part of Al3+ substitutes Y3+ inside oxygen
dodecahedron, while a part of Y3+ ions are located at the center of the octahedrons formed
by oxygen ions. The amount of such so-called antisite defects (ASD) exceeds 1% in the
YAG crystals grown from the melt [25,26]. In addition, many YAG crystals contain
unintentional ‘attendant’ impurities (e.g., Sc3+ and Ga3+ ions) that substitute cations (Al3+

and Y3+) in a regular lattice or in ASD [27]. It is supposed that the centers responsible for
the ultraviolet (UV) emission of YAG contain cation vacancies [28]. In nominally pure
YAG crystals with a complex structure it is difficult to select clearly intrinsic emissions
originating from a regular crystal.

The current study presents the excitation spectra for the main low-temperature
emissions of YAG and Y3Al5O12:Ce measured using synchrotron radiation of 4 to 36 eV.
This permits a comparison of the regions with a high excitation efficiency for various
emissions in YAG as well as their comparison with relevant regions for STE emission in
Al2O3, Y2O3 and YAlO3 crystals. Recent band structure calculations for Y3Al5O12 [29]
and YAlO3 [30] facilitate this analysis. The electron band structure of Y2O3 and Al2O3
has been calculated earlier [31,32].

EXPERIMENTAL

The single crystals of YAG:Ce (0.2 at. % Ce) and pure YAG were grown at the
Institute of Laser Physics, University of Hamburg. Polished 5x5x2 mm3 crystal plates
were used for measurements. The experiments were performed at the SUPERLUMI
station of HASYLAB at DESY [9]. The reflection spectra of the samples were measured
simultaneously with the time-resolved excitation spectra (4 - 36 eV) for Ce3+ and intrinsic
emissions at various temperatures (T=8-300 K). Emission spectra (2 - 6 eV) in a visible-
UV region were recorded by means of a 0.5 m monochromator (Czerny-Turner mounting)
equipped with a XP2020Q photomultiplier operating in the photon counting mode. The
decay kinetics for various emissions of several YAG samples were measured in the
reduced bunch mode of the DORIS storage ring (time interval between excitation pulses
equals 480 or 960 ns).

RESULTS

Figure 1 presents the emission spectra of a nominally pure YAG and a Ce doped
YAG crystal at various temperatures. Ce3+ ions substitute Y3+ at the center of
dodecahedrons made up of oxygen ions. At 300 K, a direct excitation of Ce3+ ions by 5.2
eV photons leads to the appearance of well-known emission of Ce3+ ions with the
maximum at 2.38 eV (5d � 4f electron transitions to the ground state). Along with the
2.38 eV emission of Ce3+ centers an additional non-elementary broad emission band in
the region of 3 - 4.7 eV is excited by 7 eV photons in a YAG:Ce crystal at 300 K. This
band is distorted due to a Ce3+-center absorption band peaked at 3.64 eV at 300 K. A
similar emission is also excited in nominally pure YAG crystals at 300 K. The intensity of
the long-wavelength part for the UV emission drastically decreases, while the intensity of
a short-wavelength part increases at a sample cooling down to 10 K. In a pure YAG
crystal the emission band with the maximum at 4.43 eV dominates, whereas in the Ce
doped YAG 6.9 eV photons excite the broad emission band in the range of 3.7 - 5.3 eV
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(the maximum at 4.43 eV) as well as the 2.38 eV emission of Ce3+ centers.

Figure 2 shows the excitation spectra for the 2.38 eV emission of Ce3+ centers as
well as of the 4.1 eV emission in YAG:Ce at 300 K. For a comparison, the absorption
spectrum for a pure YAG crystal at room temperature [12] and the spectrum of
photoconductivity measured at the Institute of Physics, University of Tartu [21] are
depicted as well. According to these spectra, interband transitions in YAG efficiently
occur at photon energies of h� � 8.0 eV. In Figure 2 the arrow marks the energy of
convergence (Eo=7.02 eV) for the absorption curves measured between 10 and 300 K
[11]. The value of Eo usually defines the energy range of exciton creation. The excitation
spectrum of 4.1 eV emission covers only the region of fundamental absorption. This
emission is excited on the direct creation of excitons (6.5 - 7.5 eV) as well as in the
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Figure 1. (a) The emission spectra of a YAG:Ce crystal excited by 5.2 eV (solid line) and
7.0 eV photons (�) at 300 K and 6.9 eV photons (o) at 10 K. (b) The emission spectra of a
pure YAG crystals excited by 6.7 eV photons (solid line) at 300 K, 6.7 eV (dashed line)
and 10.3 eV photons (+) at 10 K.
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Figure 2. The excitation spectra of 2.38 eV Ce3+ emission (�) and 4.13 eV emission
(solid line) for a YAG:Ce crystal at 300 K. The spectrum of photoconductivity (o, Ref.
21) and the absorption spectrum (dashed line, Ref. 11) for a pure YAG at 300 K.
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region of interband transitions (8 to 12 eV). The Ce3+ emission is efficiently excited at the
direct excitation of Ce3+ centers and in the region of fundamental absorption. At 300 K,
the efficiency of Ce3+ emission at the direct optical creation of excitons is higher than that
in the region of interband transitions.

In Figure 3 the excitation spectrum for the main low-temperature UV emission of
YAG is shown. In the literature the maximum of this UV emission is usually reported to
be at 4.95 eV [22, 23]. In order to reduce the overlapping of UV emission and several
other long-wavelength emissions, the measurement was carried out at 5.17 � 0.13 eV, i.e.
on the short-wavelength side of the emission band. The analysis showed that the
excitation of this emission band takes place in the region of fundamental absorption
where the value of absorption constant is � > 100 cm�1. A narrow excitation peak
(bandwidth about 0.1 eV) is observed in the excitation spectrum for 3.65 � 0.07 eV
emission at the edge of fundamental absorption (� � 10 cm�1). A less prominent structure
is detected in the excitation spectrum for the 4.13 � 0.09 eV emission. A weak emission
band at 2.77 eV is caused by impurity centers. The excitation efficiency of this emission
is low in the region of fundamental absorption of YAG (see Fig. 3).

There are two possible interpretations of the nature of the narrow excitation band
that was clearly detected in the excitation spectra of 3.65 and 4.13 eV emissions but was
absent in the excitation spectrum of ~5 eV intrinsic emission. A narrow excitation band
can be connected with the radiative decay of the electronic excitations localized near
imperfections (defects or impurities). The second interpretation is based on the
peculiarities of the electronic states near the top of a valence band of YAG. According to
the band structure calculations [29], the top of a valence band is formed by p-states of
oxygen ions with a small dispersion (antibonding p-orbitals) providing a fast self-trapping
of holes and the appearance of luminescence due to the recombination of conduction
electrons with self-trapped holes. The electron states inside the valence band have a larger
dispersion [29]. The electron transitions that start from these deep states can cause the
formation of excitons and the subsequent appearance of STE luminescence of ~5 eV.
Such luminescence was not detected in any of the peaks of the thermally stimulated
luminescence of YAG. On the other hand, the thermally stimulated luminescence of YAG
contains the emissions in the region of 3 to 4.5 eV.

Figure 4 presents the optical characteristics for YAG and YAG:Ce measured in a
wide energy range of 5-36 eV at 10 K. The reflection spectrum for our YAG sample is in
good agreement with those given in the literature [11,12]. The excitation spectrum of the
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Figure 3. The excitation spectra of 5.17 eV emission (+), 4.13 eV emission (solid line),
3.65 eV emission (o) and 2.77 eV emission (�) for a pure YAG crystal at 10 K.
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intrinsic emission of 5.17 eV has the maximum at 6.9 eV, i.e. in the region of a wide
exciton reflection band. In the region of 11 eV, where the fundamental absorption of
YAG reaches the value of � = 3	105 cm�1, the efficiency of this emission decreases by a
factor of 3 (partially due to the nonradiative annihilation of hot electrons and holes in a
near-surface region of YAG). At h� = 20 - 25 eV, the emission efficiency increases more
than twice. This effect is partly connected with the multiplication of electronic excitations
(MEE). The threshold photon energies for the MEE process are 15.5 and 24 eV [6, 10] in
Y2O3 and Al2O3 crystals, respectively. The threshold of the MEE for the intrinsic
emission of YAG lies approximately at 20 eV.

The situation is more complicated for the 2.38 eV emission of Ce3+ centers (see
Fig. 4). At 10 K, impurity luminescence is excited in the region of 4f � 5d transitions in
a Ce3+ ion (5 - 6 eV), at the photocreation of excitons (6.8 - 8 eV) as well as in a wide
region of interband transitions (h� > 8 eV). According to the data on optical absorption in
Al2O3, Y2O3 and Y3Al5O12 [12] and theoretical calculations [29], the optical excitation of
Y3+ ions takes place in the energy region of 30-35 eV. In contrast to the intrinsic emission
of YAG, the efficiency of Ce3+ emission significantly decreases just in this spectral
region. The most prominent difference between the behaviour of intrinsic and impurity
emissions is observed at the beginning of the MEE. Figure 4 shows the intensity ratio
spectrum for the emission of Ce3+ centers and the 4.4 eV intrinsic emission. The
maximum of the ratio spectrum of I2.38 / I4.4 is situated at 14 eV. In RbCl:Ag and KCl:Tl
crystals, a similar effect (confirmed by direct measurements of the energy distribution of
photoelectrons emitted from a crystal) was interpreted as a direct impact excitation of Ag+

and Tl+ ions by hot photoelectrons [33,34]. We suppose that in highly doped YAG:Ce
crystals the effect of the direct excitation of Ce3+ centers by hot photoelectrons is
observed as well. Among other wide band gap crystals a similar effect, becoming more
pronounced with an increasing dopant concentration, was observed in rear earth doped
fluoride crystals [35]. The excitation energy (Eim) of Ce3+ ions in the transparency region
of YAG crystals is equal to 3.0 and 5.2 eV and the energetic threshold (Et

im = Eg + Eim)
for the creation of sufficiently hot photoelectrons is 11 and 13.2 eV, respectively. These
values are in agreement with the experimental results.

Figure 5 presents several decay curves for Ce3+ emission (2.38 eV) and the
intrinsic emission of 4.13 eV. The decay curves of Ce3+ emission on the direct excitation
of Ce3+ (5.2 eV) are well described by a single exponent with a lifetime of 60 and 69 ns at
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Figure 4. The reflection spectrum (dashed line), excitation spectra of 5.17 eV emission
(solid line) for a pure YAG crystal and 2.38 eV Ce3+ emission (�) for a YAG:Ce crystal at
10 K. The intensity ratio spectra for 2.38 eV and 4.4 eV emission (o) of a YAG:Ce crystal
at 10 K.
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300 and 10 K, respectively. The value at 300 K agrees with the earlier result (60 ns)
obtained at the excitation by electron pulses [13] but differs from the lifetime (70 ns)
obtained using 266 nm or 220 nm laser radiation [15]. The excitation in the region of
fundamental absorption leads to more complicated decay curves that cannot be described
by a single exponent, especially in the region of MEE. A distinct rise time, practically
missing at the intracenter excitation of Ce3+ and at the creation of electron-hole pairs, is
observable at the excitation by 7 eV photons. The decay time also increases to ~108 ns
becoming comparable with that for the 4.1 eV emission: ~130 ns at 7 eV and ~160 ns at
10.3 eV excitation. Evidently, the energy transfer to Ce3+ centers by intrinsic excitations
takes place. The lifetime of intrinsic (and extrinsic) emissions in pure and Ce doped YAG
has been studied earlier as well, mostly using the non-selective excitation [11,15,20].
Depending on the impurity concentration and emission wavelength the results vary from
150 to 250 ns at 300 K. Our kinetics measurements for the 4.1 eV emission of YAG:Ce
under the excitation by several photon energies show somewhat shorter decays than those
for the respective emission in a nominally pure YAG (~200 ns). In the region of MEE
(24.3 eV), where one exciting photon simultaneously creates several excitations, the
measured decay curve is even more complicated. Two exponential components (~ 75 and
~160 ns) are observed for the Ce3+ emission of 2.38 eV. Under the same excitation
conditions the decay of the 4.4 eV emission shows a fast (~ 20 ns ) and a slow (~ 230 ns)
component. A detailed analysis of the decay kinetics will be performed in a separate
work.

To compare the behaviour of intrinsic electronic excitations in various WGO,
Figure 6 shows also the excitation spectra of STE emission (3.4 eV) in Y2O3 and 5.1 eV
emission in Y3Al5O12. In Y2O3, the long-wavelength edge of excitation as well as the
beginning of the fundamental absorption are located at 6.0 eV. In Y3Al5O12, the long-
wavelength edge of the excitation of intrinsic emission is at 6.8 eV. We want to point out
that the excitation of STE emission (5.9 eV) in YAlO3 at 8 K starts at 7.8 eV [8], while in
Al2O3 at 8 K, the beginning of STE emission (7.6 eV) excitation is recorded at 8.9 eV
[10]. The photon threshold energies for the direct creation of excitons decrease in a row
of Al2O3, YAlO3, Y3Al5O12, Y2O3. According to the theoretical calculations of an
electron band structure, the value of Eg decreases in this crystal row as well [30]. So far
the excitonic effects were not included in the theory. According to the theoretical
estimation [30], the O
Y bonds are significantly more homopolar than the Al
O ones and
the width of a valence band in Y2O3 is twice as small as of that in Al2O3. These
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Figure 5. The decay curves of 2.38 eV Ce3+ emission (a) and 4.13 eV emission (b) in a
YAG:Ce crystal at 300 K. The excitation energy and temperature, if different from 300 K,
are indicated above the corresponding curve.
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theoretical regularities correlate well with the experimental values of Eg in the row (9.4
eV in Al2O3 and 6.5 eV in Y2O3).

In Ref. [8], we analyzed the excitation spectrum of the 5.9 eV intrinsic emission in
YAlO3 and concluded that hot photoelectrons create secondary excitons at the beginning
of the MEE region. A similar conclusion was drawn for KI, KBr and NaCl crystals [36].
We made an attempt to observe the creation of secondary excitons by hot photoelectrons
(or photoholes) in a YAG crystal as well. Figure 7 presents the intensity ratio spectrum
for the 5.1 eV emission of STE and the 3.5 eV recombination emission of YAG. A well
pronounced ratio maximum is observed in the region of 20 eV. Figure also shows the
intensity ratio spectrum for the STE emission (5.7 eV) and the 4.3 eV recombination
emission in a YAlO3 crystal. In YAlO3 with a higher value of Eg, the value of intensity
ratio starts to increase at 18 eV and reaches the maximum at 21 eV, exceeding the
corresponding values in Y3Al5O12 by 2 and 1 eV, respectively. Unfortunately, on the basis
of the existing results it is too early to make a conclusion on the creation of secondary
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Figure 6. The excitation spectra of 3.4 eV STE emission (solid line) for a pure Y2O3
crystal and 5.17 eV emission (o) for a pure YAG crystal at 10 K.
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Figure 7. The intensity ratio spectra for 5.17 eV emission of STE and 3.5 eV emission of
a YAG crystal (+) and for 5.7 eV STE emission and 4.3 eV emission of YAlO3 crystal (o)
at 10 K.
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excitons by hot photocarriers in a YAG crystal. Further experiments and theoretical
investigations are needed.

CONCLUDING REMARKS

The investigation of emission spectra and the excitation spectra of various
luminescence bands, performed in Y3Al5O12 crystals using 4-36 eV photons at 10 K,
allowed to determine the main intrinsic emission with the maximum at 5 eV. This
emission is efficiently excited at the direct formation of excitons (6.8 - 8 eV) as well as in
the creation region of electrons and holes due to interband transitions (h� > 8 eV). In a
Y3Al5O12:Ce crystal, the direct impact excitation of Ce3+ centers by hot photoelectrons
tentatively occurs in the energy region of 12-14 eV.

Table I depicts several basic energetic parameters of YAG crystals: the minimum
energy of exciton formation Eex, the energy of convergence Eo for the Urbach absorption
characteristics measured at various temperatures [11,12,37], the width of forbidden band
Eg,  the photon  energy of  the beginning of the  MEE processes  providing  the  creation
of secondary excitons and electron-hole pairs (Et

ex and Et
eh, respectively), the peak

position of the intrinsic luminescence EI and the value of the relative Stokes shift for STE
(Eex –Eex

I)/Eex. For comparison the relevant values for Y2O3, YAlO3 and Al2O3,
determined by us and other authors (see e.g. [12,37]) are listed as well.

The basic characteristics of Y3Al5O12 significantly differ from those of Al2O3 and
even of YAlO3, where Al3+

oct ions are located at the center of octahedrons formed by
oxygen ions. In Y3Al5O12 crystal, a part of Al3+ is located at similar lattice positions,
while other Al3+ ions are surrounded by four oxygen ions each. A typical absorption band
of AlO4 is located in a more long-wavelength region in respect to that of AlO6 [30,38],
causing significant changes in the fundamental absorption of YAG and decreasing some
main energetic parameters of YAG in respect to those of YAlO3 crystals. The relative
Stokes shift for STE is given in the last column of Table I. In all the four WGO the value
of this shift is comparable with that for one-halide STE [39], but is significantly lower
than for well-investigated two-halide STE in alkali halide crystals (see [7,39]). Obviously,
a hole component is localized at a single oxygen ion. Among the four WGO crystals the
largest value of the relative Stokes shift is in Y2O3. According to the ODMR data, the
significant displacement of an O– ion from a Y2O3 lattice site occurs during the relaxation
of self-trapping excitons [17]. 

The complicated structure of Y3Al5O12 crystal with 80 atoms per cubic unit cell
causes a significant broadening of exciton absorption (6.8 - 8.5 eV). This effect (see also
[37]) requires a special theoretical investigation. 

Table I     Some energetic parameters of wide-gap oxide crystals at 10 K.

Eo 
(eV)

Eex 
(eV)

Eex
I 

(eV)
Eg 
(eV)

Et
ex 

(eV)
Et

eh

 (eV)
Eex - Eex

I

      Eex
Y3Al5O12 7.02 6.8 5.0 8.0 16 20 0.26
YAlO3 8.0 7.8 5.9 8.8 18 21 0.24
Al2O3 9.1 8.9 7.6 9.4 – 24 0.15
Y2O3 6.1 6.0 3.4 6.5 15.5 20 0.42
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