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Abstract. Absorption, emission and excitation spectra of 50 MeV electron beam irradiated and as-
grown YAG single crystals were studied and compared in the 10-300 K temperature range using time-
resolved luminescence spectroscopy under UV/VUV/XUV excitation by synchrotron radiation and
cathodoluminescence. The emission spectra consist of intrinsic (excitonic) and defect related non-
elementary bands in the VIS/UV range. It is shown that fast electrons create stable F and F* color
centers with characteristic emission and absorption bands in the visible/UV range. Induced absorption
caused from these defects starts at 4.2 eV. Energy transfer from host to color centers is not efficient
process.
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1. Introduction

Single crystals of yttrium aluminum garnet Y,AlLO,(YAG) are well studied due to their

excellent mechanical, optical and chemical properties. YAG crystals and ceramics are widely used
as hosts for doping with different rare-earth ions for use in different applications like laser crystals,
fast scintillators, phosphors in LEDs, dosimeters for ionizing radiation etc. (e.g. Haranath et al.,
2006, Lu et al., 2002). The study of luminescence properties of pure and rare earth (RE) doped
YAG crystals in our previous works (Aleksanyan et al., 2009, Ning et al., 2007) has revealed that
the efficiency of the host — RE-ion energy transfer plays important role in these matrices. Although
this material is widely used under various radiation conditions, only limited data on its related
properties are available in literature (Jiang, 2006). In particular the role of defects in the relaxation
processes of electronic excitations in electron irradiated YAG crystals is not understood in detail.

In binary and complex metal oxides, electron irradiation causes formation of stable defects,
where the simple F and F* centers are most commonly observed, but also more complex entities
can be formed during growth, irradiation or thermochemical treatment.

Radiation-induced defects in YAG had been under investigation earlier by a number of
authors (e.g. Pujats et al., 2001, Popov et al., 2010 and references therein, Zorenko et al. 2011).
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Different studies suggest that luminescence bands of F and F* centers peak at 2.7 and 3.1eV
(Pujats et al., 2001) with related absorption bands at 5.16, 6.3, and 3.35,5.27 eV, respectively.

Ashurov et al. (2001) proposed that under neutron irradiation F* centers are created with typical
emission at 2.38eV . There are data available from various sources listed above not being in a
complete agreement.

With our study of as-grown and 50 MeV electron irradiated YAG crystals we would like to
bring additional clarification to the role of defect states and relaxation processes of electronic
excitations created by ionizing radiation in the UV-XUV range and by charged particles.

2. Experimental details

Nominally pure YAG crystals were grown by the Czochralski method. Their irradiation with
50 MeV electrons took place at 263K using an accelerator at Yerevan Physics Institute. During
irradiation the sample was cooled with gaseous nitrogen to avoid overheating and possible
mechanical damage. The samples were exposed to an average irradiation dose of 10" el/cm?®. Two
polished YAG plates of identical size and thickness were studied at the experiments described
below.

Low temperature time-resolved VUV spectroscopy with synchrotron radiation was
performed at the SUPERLUMI station of HASYLAB at DESY, Hamburg (Zimmerer, 2007).
Emission spectra in the spectral range 200-700nm were recorded under excitation by
330-50nm (3.75—25eV) photons. XUV measurements were carried out using a mobile setup at the
BW3 beam-line described in (Kirm, 2003) using a 0.27m SPEX 270 M spectrometer with
25nm/mm dispersion and liquid N, cooled Princeton Instruments CCD. A fiber optics was used
in luminescence collection. The luminescence spectra are not corrected for the sensitivity of
detection channel.

Optical absorption spectroscopy was studied at RT in a spectral region of
6.5—1.5eV (190—-850nm) using a double-beam spectrophotometer JASCO V-540 in the Institute of
Physics in Tartu. Cathodoluminescence spectra in the temperature range of 5—300K were recorded
using a home-built setup with variable energy of the electron-beam (5—30keV) in Tartu (Feldbach,
et al. 2006), where luminescence can be analyzed in VUV and UV-visible range using two different

monochromators. The recorded spectra are corrected to the transmission of analyzing channel and
detector sensitivity.

3. Results and discussion
The absorption spectra of pure YAG show a steeply rising intrinsic absorption edge near

6.7eV (Tomiki et al. 1996, Kirm et al. 2000) (see Fig. 5). The energy gap of YAG has been
determined to be 8.0eV (Kirm et al. 2000 and references therein). The comparison of absorption
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spectra of nominally pure and electron-irradiated YAG crystals at RT shows that induced
absorption by electron irradiation starts at ~ 4.5eV (Fig. 1), where the contribution of the color
centers is expected in the transparency range of YAG . It is in agreement with absorption induced in

neutron-irradiated YAG at RT (Ashurov et al., 2001). However, the absorption bands of F and F~
centers cannot be distinguished either in absorption (Fig. 1) or in excitation (Fig. 5).

Fig. 2 shows luminescence emission spectra of irradiated YAG crystal at different
temperatures, excited with XUV photons. Spectra consists of two main bands in UV (3.6—4.8eV)

and visible range (2.0—2.4eV) at different temperatures. Similar results have been obtained also

with cathodoluminescence measurements and will be discussed later. The short wavelength side UV

band observable at 10K is due to self-trapped excitons (STEs) (Kirm et al. 2000), whereas
remaining room temperature emission peaked at 4.0eV is assigned to the radiative decay of
excitons perturbed by antisite defects (Y*" ion at AI** site) (Babin et al, 2005). The visible bands
are originating from luminescence of defects. Fig. 2 evidences that there is significant red-shift of
both high- and low-energy luminescence bands with increasing the temperature. The shift is visible
even at such small temperature difference as 8K . A possible interpretation is a redistribution
intensity of subbands due to the intrinsic STE in favor of several perturbed exciton states near
antisite defects as revealed by (Babin et al. 2005). The role of as-grown defects is well
demonstrated in Fig. 3, where for non-irradiated YAG samples F —centers emission at 2.7eV is
dominating under excitation in the related absorption band at 6.2eV . The excitation in host
absorption by 6.9eV photons results in luminescence of perturbed STE without energy transfer to
defect states as shown in Fig. 3. According to Smith et al., (2003) the displacement of lattice ions in
oxides can take place if the incident electron energy is 0.33—0.35 MeV causing formation of lattice

defects by impact. In Fig.3, there is no significant difference between the irradiated and non-
irradiated YAG samples, demonstrating that the creation of additional defect states has no influence
on the luminescence under 6.9eV excitation, which causes creation of intrinsic host excitations.
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Fig. 1. Absorption spectra of irradiated YAG (dashed line, fluency is 10" e/cm?) and non-irradiated YAG plates (dotted
line). The induced absorption spectrum (solid line) is obtained by subtracting the latter spectrum from the former one. T
=300 K.
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Fig. 2. Normalized emission spectra of 50 MeV irradiated YAG crystal under excitation by 130 eV XUV photons at
room (empty circles) and low (filled circles = 16 K, solid line = 8 K) temperatures.
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Fig. 3. Normalized emission spectra of non-irradiated (dashed line) and 50 MeV electron irradiated (solid line) YAG
crystals at 300 K excited by 6.9 eV photons and in non-irradiated crystal (dotted line) excited by 6.2 eV photons at 10
K.
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Fig. 4. Cathodoluminescence emission spectra of non-irradiated (a) and 50 MeV electron irradiated (b) YAG crystals.
Measurements were carried out at 10 K (circles) and room temperatures (triangles) before (empty symbols) and after
irradiation by 10 keV electron during 100 min (filled symbols).

Cathodoluminescence (CL) measurements performed at low and room temperatures revealed
generally similar structure of broad bands both in non- and electron irradiated samples as under
XUV excitation. At low temperatures, luminescence of STE prevails with the maximum near
4.8eV in both samples. In 50 MeV electrons irradiated crystal there is also one small shoulder at

4.2eV . However, after a few minutes of irradiation by 10keV electrons during

cathodoluminescence measurements, this feature evolves into a luminescence band which becomes
dominant and remains stable. This energy of electrons is too small to induce any defects by the
impact mechanism. In radiation sensitive alkali halide crystals, another defect creation mechanism,
which causes formation of F — and H —centers during the decay of self-trapped excitons, plays an
important role under VUV excitation (Lushchik et al., 1995). In more radiation resistant oxides, the
decay of electronic excitations with stable defect formation is a less common process, although self-
trapping occurs as in the case of YAG . Therefore, recharging of previously created defect states

(e.g. F — F" +electron) modifies the optical and dielectric properties as described for alumina by

(Vallayer et al., 2001). The induced absorption onset in YAG is at 4.2eV (Fig. 1), which means
that the luminescence intensity at higher energies is reduced due to reabsorption in electron
irradiated sample. As can be seen in Fig. 4 the luminescence band originating from radiative decay
of STE is present at lower intensity. In the cathodoluminescence of non-irradiated YAG crystal at
low temperatures there is no such band present at 4.2eV , but under excitation in the transparency
range (Fig. 3, dotted line) it is well pronounced along with F —center emission peaked at 2.8eV.
The emission bands near 4.2eV have been assigned to the radiative decay of exciton states
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localized near antisite defects (Y, ) at room temperature (Zorenko et al. 2012 and references
therein). This also explains its presence in the luminescence spectra of as-grown, non-irradiated
YAG crystals.

Intensity, a.u.
Absorption (cm'1)

Photon energy, eV

Fig. 5. Excitation spectra of emissions recorded at 2.53 and 3.06 eV from 50 MeV electron irradiated YAG crystal at 8
K due to the F (filled circles) and F* (open circles) color centers, respectively. For comparison, the excitation spectrum
of excitonic emission is also shown (dashed line) recorded at 4.77 eV from as-grown crystal at 10 K. Solid line
represents the absorption spectrum of a pure YAG crystal at 300 K (Tomiki et al. 1996).

At room temperatures CL emission spectra behave analogously in both samples. In agreement
with earlier studies (Babin et al. 2005), the luminescence maxima shift towards lower energies with
increasing temperature. It consists of two overlapping bands in the UV range at 4.2 and 3.7eV and
luminescence in the visible range with maxima near 2.2eV (Fig.4). The prolonged irradiation of as-
grown YAG at room temperature by 10 keV electrons also results in redistribution of intensities
towards the lower energies. In this region the radiative decay of excitons and recombination
luminescence near antisite defects is expected (Babin et al. 2005 and Zorenko et al. 2012). The low
energy luminescence is assigned to more complex defects, whose nature needs further investigation.

Excitation spectra recorded for the emissions F and F* centers show rather similar
structure, indicating that the separation of specific absorption of these centers is not possible in
YAG (Fig. 5). The excitation for both types of centers starts at 4.7eV well below the intrinsic
absorption. Both excitation spectra show a minimum at 5.8eV , followed by a strong peak at 6.7eV
near the edge of fundamental absorption. This is due to interplay of penetration depth effects in the
regime of low host absorption with exciton formation processes. The region of excitonic absorption
extends until 8eV where color center luminescence is most efficiently excited through energy
transfer from exciton states. The intensity of both emissions strongly decreases above 8eV , where
electron-pair creation starts. It is confirmed by luminescence spectra (Figs. 2, 3 4) of the present
work that electron-hole pair formation resulting from ionizing radiation or particles leads mostly to
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the excitation of self-trapped exciton luminescence either unperturbed or localized near antisite
defects. The multiplication processes of electronic excitations (see e.g. Lushchik et al., 1995),
where one photon is able to create more than one excitation, can take place at energies higher than
E, + defect absorption band ~8+5=13eV . However, the excitation spectra do not show any

additional pronounced bands testifying that this process is not active in the studied energy range.
The small modulations in the spectra are due to changes in the absorption coefficient, which has as
high values as 10°cm™ in this energy region (Tomiki et al. 1996)

Another interesting observation is that the relative intensity of F and F* emissions
changes in the transparency and host absorption region and become equal at energies exceeding the
band gap. There can be several reasons for such behavior. The ratio of F and F* centers has been
changed using UV irradiation to ionize F centers in sapphire (Vallayer et al., 2001). In our case we
should look more closely to energy transfer processes by excitons. Self-trapping is very fast process
prohibiting exciton diffusion, which is one of the main energy transfer mechanisms in systems with
free excitons like MgO (Kirm et al. 2003). Therefore the overlap of STE emission with absorption

bands of color centers plays significant role. As the F* Iluminescence excitation efficiency
increases in the excitonic region, it indicates that situation is more favorable for F* centers, with
known absorption bands at 3.35 and 5.27eV according to Ashurov et al. (2001).

Time-resolved luminescence has been very useful in identifying and separating processes
due to the F* centers with fast ns decay and slower processes in microsecond scale due to F
centers. Typical life-times of F* centres in YAG is 2.3ns under intra-centre excitation (Zorenko et
al., 2011) and in other metal oxides like BeO and Al,O, are 7 <1ns and 7 ~2.2ns, respectively
(Pustovarov et al. 2001). However, in the case of YAG under host excitation it was not possible to
separate F* bands, which means that energy transfer from host to color centers is inefficient. The
another probable reason lies in the more complex emission spectra due to various centers of

intrinsic and extrinsic nature in YAG . Overlapping emissions with different decay times mask each
other, interfering with attempts to use pulsed synchrotron radiation to reveal the fast emissions.

4. Conclusion

Irradiation by 50 MeV electrons of YAG crystals results in formation of stable color

centers. Induced absorption starts in the UV range where F and F* centers are known to absorb.
However, highly sensitive luminescence methods were not sufficient to distinguish any color center
bands in details. The energy transfer processes from host absorption the color centers are rather
inefficient as testified by studies using synchrotron radiation VUV- XUV range and low energy
electron-beam excitation.
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