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Abstract The Er;AlsO;, phosphor powders were prepared
using the solution combustion method. Formation and ho-
mogeneity of the Er3AlsO;, phosphor powders have been
verified by X-ray diffraction and energy-dispersive X-ray
analysis respectively. The frequency up-conversion from
Er3AlsO1, phosphor powder corresponding to the 2H, 2 —
sy, HHira = *lisja, *S32 = *Lispa, *Fopp — Hispe
and the infrared emission (IR) due to the 3 2= s 2
transitions lying at ~410, ~524, ~556, 645680 nm and at
~1.53 um respectively upon excitation with a Ti-Sapphire
pulsed/CW laser have been reported. The mechanism re-
sponsible for the frequency up-conversion and IR emission
is discussed in detail. Defect centres induced by radiation
were studied using the techniques of thermoluminescence
and electron spin resonance. A single glow peak at 430°C is
observed and the thermoluminescence results show the pres-
ence of a defect center which decays at high temperature.
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Electron spin resonance studies indicate a center character-
ized by a g-factor equal to 2.0056 and it is observed that this
center is not related to the thermoluminescence peak. A neg-
ligibly small concentration of cation and anion vacancies ap-
pears to be present in the phosphor in accordance with the
earlier theoretical predictions.

1 Introduction

New near-infrared-luminescent materials find numerous ap-
plications in the field of optical devices. The longer wave-
length emission of lanthanides especially from Er’*, Nd>*,
Pr3t, Sm3*, and Yb>* in the near-infrared (NIR) region are
gaining an increasing interest due to their potential applica-
tions in nonlinear optics [1-5]. For example, Nd3* species
find applications in laser systems [6]. Lanthanides such as
Pr3* and Er’* prove to be very useful when employed in
telecommunication network optical signal amplifiers [7, 8].
Yb3t serves as an efficient sensitizer for other rare earths,
which have been used in visible up-conversion lasers and ef-
ficient NIR lasers [9]. In addition, the relative transparency
of human tissue at around 1000 nm suggests that Yb-based
emission could have diagnostic value [10]. The design of
efficient NIR luminescence materials based on lanthanide
complexes remains an area of active investigation. In con-
tinuation of our investigations of lanthanide-doped materials
[11-14], we have synthesized Er3 Al501, by using the novel
combustion process in the present study.

The knowledge of defect centres and the distribution of
their energy levels in the band gap of solids is very im-
portant in order to elucidate information about the lumi-
nescence process of phosphors and to use them in various
applications [15-17]. It has been found that trapping cen-
tres play an essential role for photo-energy storage in per-
sistent, photo-stimulated, and thermo-stimulated phosphors.
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It is well known that the thermally stimulated luminescence
process in material is related to the defect centres created
owing to ionizing radiation. It has been reported in the lit-
erature that in order to minimize the significant influence
of performance limiting defects, it is necessary to under-
stand their defect structure [18-20]. The defect centres in
a material can be detected and studied well using thermally
stimulated luminescence and electron spin resonance meth-
ods. However, we found that radiation induced defects in
Er3AlsO1, and their role in thermally stimulated lumines-
cence are receiving little attention. Moreover, the correla-
tion of the TSL peak of Er3AlsOj> phosphor using the ESR
spectra has not been reported so far.

Even though several studies based on rare-earth ions
doped alumina (Al,O3) and yttrium aluminum garnet
(Y3Al501;) are available [21-25], studies on ErzAlsOq;
are very rare. Taking these points into account, we have
synthesized ErzAl;012 by a low-temperature initiated,
self-propagating and gas-producing solution combustion
method and characterized by using powder X-ray diffraction
(PXRD), scanning electron microscopy (SEM) and energy-
dispersive analysis of X-ray (EDAX) spectroscopy. Here we
report the visible up-conversion and infrared luminescence
of Er3AlsO1; phosphor upon excitation into the 411 12 level
at ~972/980 nm. In addition, TSL (thermally stimulated
luminescence) and ESR (electron spin resonance) studies
of Er3AlsO1, phosphor are also carried out to identify the
defect centres.

2 Experimental details

The solution combustion synthesis technique became more
popular since it not only saved time and energy but also is
very simple to process. Further, the technique is advanta-
geous over the solid-state synthesis process in terms of better
compositional homogeneity and purity of the final product
and thus was used to synthesize the Er3 AlsO1, phosphor.
Erbium nitrate [1.4182 g, Er(NO3)3-5H,0, ACROS],
aluminum nitrate [2 g AI(NO3)3-9H,0, ACROS], and gly-
cine [1.0470 g, CoH5NO;, Panreac] were used as starting
materials and were dissolved in a minimum quantity of
deionized water in 300 ml capacity Pyrex dish. The dish
was inserted into a preheated furnace maintained at 500°C.
In about 5 min. or by the time the set up attained the tem-
perature of furnace, reaction started. The prepared solution
undergoes rapid dehydration and foaming followed by de-
composition with an evolution of large amount of gaseous
by-products. Then, spontaneous ignition occurred and un-
derwent smoldering combustion with enormous swelling,
producing foamy and voluminous ash. The combustion was
self-sustaining and self-terminated. The entire process lasted
5-8 min. After the completion of the reaction, the dish was
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removed from the furnace. The products obtained by com-
bustion process were highly fluffy and brown-black masses.
This was crushed into a fine powder. The product of the
combustion reaction was then given an annealing treatment
at 800°C for 5 h in air to remove the thermal stress and
impurities during its preparation. After being annealed, the
brown-black powder became white and this was used for
further characterization.

The phase composition of the synthesized powder was
analyzed by XRD using CuKe radiation (Bruker D8 Ad-
vance) in the 26 range of 15° to 80°.

The powders were taken onto a silicon stub with ethanol
for their electron microscopic evaluation. After some time
the powders were coated with gold and were observed using
SEM (S-3400, Hitachi, Japan). Their chemical compositions
were analyzed using the EDAX attached to the SEM.

The IR photoluminescence emission spectrum was stud-
ied using a Jobin-Yvon TRIAX 180 monochromator with a
150 grooves/mm grating coupled to a multi-channel InGaAs
CCD detector. Samples were pumped by a diode (CW) laser
operating at ~980 nm within the power range of O to 1 W.

The frequency up-conversion luminescence spectral pro-
file of Er3AlsOj; phosphor powders were obtained by
pumping with a Ti:Sapphire laser (pulse duration ~15 ns,
emission wavelength ~972 nm). The excitation beam was
focused onto the sample with a lens of focal length ~10 cm.
Luminescence was collected in a direction perpendicular to
the incident beam and was dispersed by a monochromator
(Jobin-Yvon HR460) attached to a Hamamatsu Photonics
R955 photomultiplier tube.

For production of the defects, a ®“Co gamma source
was used for the irradiation of samples. TSL experiments
were carried out on a Daybreak 1100 series automated
TL reader system with a heating rate of 5°C/s in a ni-
trogen atmosphere. A Bruker EMX ESR spectrometer op-
erating at X-band frequency with 100 kHz modulation
frequency was utilized for Electron Spin Resonance experi-
ments. Diphenyl Picryl Hydrazyl (DPPH) was used for cal-
ibrating the g-factors of defect centres. The temperature de-
pendence of the ESR spectra was studied using a Bruker B
VT 2000 variable temperature accessory.

3 Results and discussion
3.1 X-ray diffraction

The phase purity and crystal structure of the combustion-
synthesized sample were analyzed using the PXRD pattern.
Figure 1 shows the PXRD pattern of Er3AlsO;> powder.
From the PXRD pattern, it can be seen clearly that pow-
der shows cubic symmetry with space group la3d. All the
reflections in Fig. 1 could be indexed to those of standard
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Fig.1 Powder XRD pattern for Er3 AlsO;2 phosphor

cubic Er3 AlsO, (JCPDS File No. 78-1451) besides one ex-
tra weak peak, which might be corresponding to ErAlO3
[JCPDS File No. 24-0396].

3.2 Scanning electron microscopy and EDAX studies

The morphology and chemical composition of Er3AlsOq2
phosphor was characterized by scanning electron microsco-
py and EDAX (Figs. 2 and 3). Figures 2a, b and c represent
SEM images of the powders under various magnifications.
SEM micrograph at low magnification, as shown in Fig. 2a,
indicates that grains are agglomerated with non-uniform
shapes and sizes. A number of voids and pores formed by
the escaping gases during combustion can be seen in Fig. 2b,
which is a magnified view of Fig. 2a (zone a). Figure 2c
which is a magnified view of Fig. 2b (zone b) shows the
presence of several small particles within the grains. During
the combustion process when the gas was escaping with high
pressure, pores are formed with the simultaneous formation
of small particles near the pores. The powders obtained from
the combustion process contain small particles and many
voids and pores of non-uniform shapes and sizes. These en-
tire features are inherent in combustion-derived powders.

Figure 3 shows the EDAX spectrum of Er3 AlsO1, phos-
phor. The EDAX spectrum confirmed that the phosphor was
composed of erbium, aluminum and oxygen elements. Be-
sides these peaks EDAX spectrum shows two additional
peaks Au and Si, which are appearing due to coating and
substrate respectively. The existence of several erbium peaks
in the spectrum has indicated that Er is well distributed with
aluminum and oxygen elements and forms the ErzAlsO1;
matrix. In order to achieve an efficient amplification, the ho-
mogeneous distribution of Er** ions in a matrix is essen-
tial [26].

$3400 15.0kV 9.8mm x1.30k SE 3/26/2008

X,

=
.

5
53400 15.0kV 9.8mm x3.50k SE 3/26/2008

Fig. 2 SEM images of Er3AlsOj, phosphor

3.3 Up-conversion and IR luminescence of Erz AlsO1;
phosphor

The frequency up-conversion spectral profile from
Er3 Al501, phosphor powders upon excitation into the 411 1/2
level from a Ti-Sapphire laser of nanosecond pulses is pre-
sented in Fig. 4. There appear four peaks lying in the vi-
olet, green and red regions respectively corresponding to
the 2Ho/2 — *Iys/2; 2Hi1/2, *S3/2 — *I1s/2 and *Fop —
;s /2 transitions. These emissions correspond to the 4f—4f
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Fig. 3 EDAX spectrum of
El‘3 Al5012 phOSphOl‘
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Fig. 4 Up-conversion luminescence of ErzAlsOjp phosphor.
Ti:Sapphire pulsed laser (pulse duration ~15 ns, emission wavelength
~972 nm) was used as an excitation source

transitions of triply ionized erbium ions. An excellent sig-
nal to noise ratio is observed showing the high efficiency of
the up-conversion process. The Er’T bands positions are in
agreement with results reported for other host matrices [27].
The strong frequency up-conversion luminescence appears
to the eyes as an intense green colour. The up-conversion lu-
minescence peaks reveal a rather large number of sub peaks
due to the strong crystal field effect of the matrix which is
responsible for the large stark splitting. The NIR to visi-
ble frequency up-conversion may occur via the following
two processes viz. excited state absorption (ESA) and en-
ergy transfer (ET). The intensity of the up-conversion lu-
minescence peak corresponding to the *S3 2= “Iis /2 tran-
sition is very high compared to the other emission peaks.
The frequency up-conversion luminescence intensity in the
green and red regions versus laser intensity was found to
exhibit an almost quadratic dependence, while the emission
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Fig. 5 Energy level diagram of Er3*

at ~410 nm shows a cubic behavior, thereby showing that
two and three NIR laser photons are participating and hence
responsible for the emissions respectively due to the Hy /25
453/2 —>4115/2, 4F9/2 —>4I15/2 and 2H9/2 —>4115/2 transi-
tions. The possible energy level diagram for Er’* ion is
shown in Fig. 5. From this figure, it can be visualized that
the up-conversion emission peak corresponding to the 2Hg /2
-5 /2 transition is followed by the absorption of the three
photons through excited state absorption (ESA). The excita-
tion path way may be the following.

The population in the *Ij3 2 level is achieved via the
ground state absorption of one NIR laser photon followed
by multiphonon emission (radiationless transition) from the
Iq 2 level. In the second step, a part of the population
stored in the #113 /2 level is pumped to the 4Fo /2 level through
ESA. Afterwards, the excited ions are promoted to the ZH, /2
level as a consequence of the second ESA process. The en-
ergy difference is again waged by the emission of phonons,
which can be represented as
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The frequency up-conversion luminescence in the green
and red region is followed by the non-resonant absorption of
two NIR laser photons through ESA (Fig. 5). In the present
case the concentration of Er’* ions is high. Therefore the
energy transfer between neighboring excited ions could be
the most efficient up-conversion mechanism.

The ET process can be explained as follows. Firstly, the
ions in the ground (4115/2) level are excited through the
ground state absorption (GSA) *Ij5/2 — *Iy12 of NIR laser
photon to the *I; 2 level. The energy transfer between a
part of pairs of excited ions in the *Ij; /2 level takes place
promoting one ion to the *F; /2 state and de-exciting the sec-
ond ion back to the ground state. Then, the frequency up-
conversion luminescence in the green region corresponding
to the 2H11/2 — 4115/2 and 4S3/2 —>4115/2 transition occurs
by the emission of multiple phonons from the *F; /2 level to
the lower lying (2H11 /25 48, ,2) levels. Moreover, the 4Fy /2
level may also be populated by the effective processes as
shown by the dash lines (1 + 2) (see Fig. 5). The mismatch
between the intensities of the bands lying in the green re-
gion is only due to the non-radiative relaxations from the
2Hij 2 level to the #S3/, level. The above facts clarify why
the intensity of the emission band due to the 4S3 2= 4, 5/2
transition appears much higher compared to other emission
bands and the intensity of the emission band peaking at
~410 nm corresponding to the 2H9/2 — 5 /2 transition
seems to be less intense with respect to the 4F9 2 = s 2
transition.

Figure 6 shows the NIR to IR luminescence from
Er3Al5012 phosphor powders upon the excitation with a
CW (wavelength ~980 nm) laser. There appear three more
peaks on either side of the peak, peaking at 1.53 um. These

—_
o
L

4| _.4|
1312 15/2

0.8 4
0.6+
0.4

0.2

Integrated intensity (a.u.)

0.0+

1380 1440 1500 1560 1620 1680 1740
Wavelength (nm)

Fig. 6 NIR luminescence of Er3AlsOj> phosphor under CW excita-
tion at Aexj = 980 nm

side bands are the Stark components of the peak correspond-
ing to the 4113/2 — 4115/2 transition of Er**t ions due to
the strong crystal field strength of the Er3AlsO1; matrix.
The variation of IR luminescence peak intensity versus NIR
laser intensity shows a linear behavior, which indicates the
contribution of one NIR laser photon for the IR emission at
1.53 um with its FWHM ~30 nm accountable for an eye-
safe telecommunication window to occur.

3.4 TSL and ESR of Er3Als01, phosphor

Er3Al501, did not exhibit any glow peaks prior to gamma
irradiation. On gamma irradiation with a dose of 5 Gy,
Er3Al501, exhibits a single TSL peak at 430°C. The ob-
served glow curve is shown in Fig. 7. The glow curve for
the samples was obtained at a heating rate of 5°C/s.

Figure 8 shows the ESR spectrum at room temperature
of Er3AlsOj; phosphor. A single line is observed and the
associated center is characterized by an isotropic g-factor
equal to 2.0056 and 2 gauss linewidth.

Er3AlsOjy belongs to rare-earth aluminum garnet fam-
ily RE3AlsO1, where RE represents rare-earth atom Lu-Gd
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Fig. 7 TSL glow curve of Er3AlsOj, phosphor (test gamma dose:
5 Gy)
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Fig. 8 Room-temperature ESR spectrum of Er3 AlsOj, phosphor
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and Y. RE ions in the garnet lattice (space group la3d) re-
side on dodecahedral 24c sites, while the Al ions reside on
two distinct sites, the octahedral 16a and tetrahedral 24d.
Three types of cation vacancy are, therefore, possible in
RE3Al5012, namely (in Kroger-Vink notation): (V])16a,
(VD 1244 and VgE. In UV light irradiated Y3Al5012 (YAG)
garnet at 77 K, Mori [28] has observed in an early ESR study
two different defect centres. One of the centres with g-value
1.995 is assumed to be an electron trapped at an oxygen va-
cancy. On the other hand, the other center with g-value in
the range 2.002 to 2.027 is assumed to be the O™ ion. Hayes
et al. [29] have pointed out that more than one hole center
of the type O™ may be present in the Mori’s ESR spectra.
These defect centres are unstable at room temperature and
have been found to decay around 170 K. Hayes et al. [29]
have carried out further studies on X-irradiated YAG at 1.6 K
using optical detection of ESR. The observed spectra could
be accounted for by postulating three different axial centres.
These three centres are associated with the three cation va-
cancies mentioned above.

Apart from cation vacancies, oxygen vacancies are likely
to be present in REAG lattice. Oxygen vacancies have been
reported in Ce:YAG by Rotman et al. [30, 31] on the ba-
sis of high-temperature transport and luminescence studies.
Studies involving the defect structure of isostructural yt-
trium iron garnet postulate a defect model in YAG based
on doubly charged oxygen vacancies. Oxygen vacancies are
also likely to be created due to extrinsic defect processes.
Based on their diffusion and electro-physical measurements,
Neiman et al. [32] have pointed out that oxygen vacancies
occur as a consequence of an aluminum deficiency. Intrin-
sic oxygen vacancies are also likely to occur via Schottky
process and this has been predicted on the basis of an atom-
istic simulation study [33]. Stanek et al. [15] have also uti-
lized such simulation techniques to predict the defect struc-
ture that can exist in these rare-earth garnets. Their study
has shown that only minimal concentrations of cation va-
cancies are expected via the relatively high energy Schottky
process. Cation vacancies, however, can occur in the lattice
as charge compensating defects for impurities. These impu-
rities are introduced extrinsically either through the starting
materials used in the preparation of the phosphor or through
the synthesis procedures. Further, Stanek et al. have found
that oxygen vacancies are also not expected to be a major
defect via an intrinsic process. However, oxygen vacancies
can occur due to presence of impurities. Therefore, if oxy-
gen and cation vacancies are present in the rare-earth gar-
nets, irradiation will produce O~ ion, Ft and F centres and
the concentrations of such centres are likely to be small due
to the reasons mentioned above.

In the context of the theoretical predictions of Stanek
et al., we have examined room-temperature irradiated YAG
system and the observed spectrum at room temperature is
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Fig. 9 Room-temperature ESR spectra of Y3AlsO;> phosphor. Lines
labelled as I and II are due to F* centres. Center III is due to an O~
ion

shown in Fig. 9. The spectrum appears to be a superposition
of lines arising from three defect centres. One of the ESR
lines is broad (center III) with a linewidth of about 45 gauss
and a g-factor equal to 2.0049. This center is likely to arise
from an O~ ion formed by trapping of a hole on O~ ion
adjacent to a cation vacancy. The large linewidth is likely to
arise from the interaction of the electronic spin with nearby
aluminum ions. It has been mentioned [34] that the charges
in oxides must be trapped near double (or more) charged
defects in order for the charge to be delocalized and thus al-
lowing it to interact with surrounding nuclei. The ESR lines
labelled as I and II in Fig. 9 are due to centres characterized
by isotropic g-values equal to 2.0083 and 2.0017 and 8 and
16 gauss linewidth respectively. Centres I and II are most
probably the F* centres formed by trapping of an electron
at an anionic vacancy.

The stability of the center observed in ErzAlsO1, was
measured using the pulsed thermal-annealing method. After
heating the sample up to a given temperature value where it
is maintained for 3 min, it is cooled rapidly down to room
temperature for ESR measurements. The thermal-annealing
behavior of the center is shown in Fig. 10. It is observed
that the center is highly stable and does not show any in-
dication of decay even at 600°C. A probable center which
can be formed in Er3AlsOj, is the Ft center (an electron
trapped at an anion vacancy). Such centres are character-
ized by a small g-shift, which may be positive or negative, a
large linewidth and saturation properties characteristic of an
inhomogeneously broadened ESR line. Large linewidths are
caused by unresolved hyperfine structure. The defect cen-
ter formed in Er3AlsOy; is characterized by a small g-shift
and the linewidth is not large. The center also does not ex-
hibit any resolved hyperfine structure. Although the center
appears to have the characteristic features of an FT center,
the high thermal stability precludes us from making an as-
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Fig. 10 Thermal-annealing behavior of Center I in Er3AlsO, phos-
phor

signment of this center to FT center and it is not clear which
species is responsible for the observed ESR spectrum.

The likely centres (O~ ion and F' center) originating
from cation and anion vacancies are observed in YAG in
contrast to Er3AlsO1,. The observations in Er3 AlsOy; are in
accordance with the theoretical predictions of Stanek et al.
[15]. These observations perhaps can be reconciled with the
presence of small concentrations of extrinsic impurities in
YAG giving rise to cation and anion vacancies.

TSL studies have shown a high-temperature peak around
430°C. ESR investigations do not indicate any defect cen-
ter which relates with the TSL peak. It is speculated that
F centres are formed in small concentrations in gamma ir-
radiated Er3AlsO1y (smaller than in the YAG system). At
high temperatures (around 350°C), this F center releases an
electron in a manner similar to the formation of E| center in
quartz. In an earlier study, Jani et al. [35] have shown that E|
centres are not readily formed by room-temperature irradi-
ation. On the other hand, they found that room-temperature
irradiation followed by high-temperature annealing leads to
an enhanced formation of E/ centres. A two-step process
was suggested for the formation of E| center. Initially the
room-temperature irradiation converts precursor defects into
an intermediate state. High-temperature thermal treatment
then converts this state into an E| center by transfer of elec-
trons. The precursor defects have been suggested by Jani
et al. to be an oxygen vacancy containing two electrons in
a singlet state (S = 0). This oxygen vacancy with two elec-
trons releases an electron during post irradiation heating re-
sulting in the formation of E| center. On the basis of these
results in quartz, it is suggested that F™ centres are form-
ing in Er3AlsO1, at high temperatures. It is to be noted that
the F center also contains two electrons in a singlet state
and during heating releases an electron. The released elec-
tron could be responsible for the observed TSL glow peak.
Thus the F center releases an electron during thermal read-
out and the released electron can combine with holes trapped

elsewhere. The energy released in the electron-hole recom-
bination process is used for the excitation of Er’* ion re-
sulting in the TSL glow peak. It is to be noted that the above
mentioned appearance of F' center at high temperature was
observed in our earlier study of Y,O3:Er phosphor [11].

4 Conclusions

We could synthesize Er3Al;0;2 phosphor using a low-
temperature, economical solution combustion method. For
the phase purity, the fluffy powder obtained after combus-
tion reaction is required to be annealed at 800°C for 5 h. This
method proved to be advantageous compared with the other
preparation techniques. The Er; AlsOj, phosphor powders
emitted an intense green colour when excited by using a Ti-
Sapphire laser (wavelength ~972 nm) of nanosecond pulses
at low power. The existence of the efficient two and three
photon frequency up-conversion provided a way to identify
the current host matrix to be an outstanding candidate for use
in photonic devices based on up-converter phosphor. TSL
results show the possible presence of a defect center which
decays at high temperature. In accordance with the theoret-
ical predictions of Stanek et al., the present study indicates
an extremely small concentration of cation and anion va-
cancies in Er3AlsO1, phosphor. A defect center which cor-
relates with the observed TSL peak could not be identified
based on ESR investigations.
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