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Abstract
Thermoluminescence signals and morphological studies are reported for a new
phosphor of Gd2O3. The phosphor particle material was synthesized by an
aerosol technique and it is heavily doped with Eu. Annealing at 1200 ◦C
increases the luminescence efficiency by ∼1000-fold relative to the as-prepared
material. The emission spectra are primarily from the red transitions of the
Eu, but weaker short wavelength emissions can also be detected during low
temperature thermoluminescence. There are numerous wavelength dependent
differences between the low temperature thermoluminescence curves. These
variations are interpreted to show that there are a range of defect and
luminescence sites in the Gd2O3:Eu phosphors. These are associated with the
symmetry of the crystal field around the europium ion, which is a function
of the phase content, i.e. resulting from sample preparation and annealing.
The sites are almost independent in terms of their emission spectra, but the
stability of some sites is enhanced by the presence of Eu so that the TL
peaks appear at higher temperatures than the intrinsic defect TL of the host
material. The synthesis of uniform and submicron sized spherical particles with
nano-clustered inner structure is demonstrated with various analysis techniques
(XRPD, FE-SEM and HR-TEM). The effect of processing parameters and
post-annealing treatment is discussed from the viewpoint of different phase
formation.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

As part of a programme to develop high grade phosphors in the form of particles with a narrow
size distribution, a spherical morphology and absence of agglomerates, efforts have been made
to prepare material using an aerosol approach [1–3]. Success in this fabrication has recently
been demonstrated with europium doped gadolinium oxide [4]. The gadolinium oxide host can
be grown with high levels of europium and the particles produce intense red emission from the
europium sites in the lattice. However, as initially fabricated the material lacks intensity and
requires thermal treatments. The sensitization of the as-grown material is a critical stage in
the preparation of the phosphor and sensitivity improves with annealing at temperatures above
800 ◦C. The signals increase even further with higher temperature treatments, of 12 h duration
up to temperatures of at least 1200 ◦C. One may consider several reasons for the changes
which provide the sensitization. Speculations include removal of unwanted trace materials
incorporated during the fabrication process, improvements in the crystallinity of the mixture,
alterations in surface sites of the particles and dispersion and homogenization of the Eu dopants
within the particles.

Further information on the thermally induced changes is included here, as we will report
that the phase of Gd2O3:Eu changes with annealing temperature. This can be a contributory
factor to the luminescence efficiency. There is a very limited literature for the aerosol prepared
material, and earlier results [4] were obtained with a sample composition with a Gd to Eu ratio
of 9:1. Such substantial dopant levels are desirable in that they offer a high concentration
of sites for Eu luminescence, but, equally, high dopant conditions have the potential to
result in clustering of the Eu ions into non-radiative sites. In general, the lattice strains of
dopant inclusions can of course generate intrinsic defects or induce phase separation and/or
precipitation of the dopant ions into interacting clusters. All such scenarios can result in greatly
reduced luminescence efficiency.

Since the earlier results clearly showed that the emission intensity was greatly increased by
annealing, it suggested that one had not reached a Eu dopant saturation limit for the phosphor.
Therefore, the present material preparation used a higher dopant concentration of Gd:Eu of 8:2.

In addition to the luminescence data it is essential to quantify aspects of the structure and
morphology as these are crucial factors for a reproducible phosphor. Particle structure and the
morphology results of the sample will be shown here. Several microscope techniques were
used to show variations of the structure with heat treatment; for example, a monoclinic phase
was observed after the sample powder was annealed above 1100 ◦C.

2. Experimental details

The samples were prepared as described previously [4] from solutions of Gd(NO3)3·x6H2O
and Eu(NO3)3·x6H2O to obtain 0.080:0.020 Gd/Eu molar ratio. The solutions were atomized
ultrasonically (piezo-transducer resonant frequency of 2.1 MHz), introduced into a high
temperature tubular flow reactor with air as a carrier gas, and decomposed at 700 ◦C. The
gas flow rate was 1.5 l min−1, and the corresponding droplet/particle residence time was 75 s.
This resulted in a fine powder called ‘as prepared’, which was subsequently thermally annealed.
Annealing was performed in air at temperatures of 800–1200 ◦C for periods of 12 h.

The TL emission spectra were registered by a high sensitivity system employing
wavelength multiplexed spectrometers [5]. The data of the recorded spectra were corrected
for the wavelength sensitivity of the spectrometer and detector system. Note that as
the spectrometer system is wavelength multiplexed the entire spectral range is recorded
simultaneously at each temperature, thus any variations in peak temperature with wavelength
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are meaningful. Above room temperature spectra were taken at a heating rate of 0.5 ◦C s−1,
whereas for the low temperature data a lower heating rate of 0.1 K s−1 was used in order to
avoid thermal gradients across the samples. The samples were in the form of powder which
was fixed on Al discs with vacuum grease. The TL was excited by x-ray irradiation with 40 kV
x-rays. The radiation dose for high temperature TL was typically 200 Gy, and similarly for
the low temperature TL. Since the emission spectra could be recorded during irradiation some
measurements of radioluminescence (RL) were also acquired.

The crystal phases and particle morphology of as-prepared and annealed samples were
determined by x-ray powder diffraction (XRD), field emission scanning electron microscopy
(FE-SEM) and transmission electron microscopy (TEM). XRD patterns were recorded with
Cu Kα radiation in an X’Pert Philips automatic diffractometer. The 2θ range analysed was
10◦–100◦ with a step scan of 0.02 and a counting time of 11 s for each step. The working
conditions were 40 kV and 40 mA. All peak positions were used for the determination of
microstructural parameters. Structural refinements were carried out using the Rietveld based
program Fullprof. A FESEM was used in order to identify particle morphology. The samples
were prepared by dispersion of a small powder portion into acetone and spreading it on a
glass surface, and then coating it with carbon. Several acceleration voltages were tested. The
best images were obtained with 5 kV and a 3.3–3.9 mm working distance. Analytical and
TEM investigations were performed with a Philips TECNAI 20 FEG operating with 200 kV
equipped with EDX TEM Quant and a point resolution of 2.0 Å. TEM samples were prepared
by ultrasonic dispersion of a small powder portion in acetone and dispersion of this suspension
on a carbon coated 3 mm of diameter copper grid.

3. Thermoluminescence results

Thermoluminescence (TL) glow curves contain information regarding the release of charge
from trapping sites at different temperatures, which is related to the trap depth. Additionally,
measurement of the emission spectra can reveal differences between the types of recombination
site and/or distinguish between electron and hole release. Consequently, TL data are sensitive
to effects of thermal treatments, defect concentrations and association of defect complexes.
The previous work presented the emission spectra taken during TL [4]. The current samples
include a higher Eu dopant concentration and this modifies the types of defect which exist,
and the changes are evidenced by alterations of the TL curves. TL signals were collected both
at temperatures above room temperature and in the low temperature range between 25 and
280 K. Note that the TL literature emphasizes that lower temperature data are well suited to
detect changes in both intrinsic and dopant emission sites. Indeed, effects were seen here both
for the changes in Eu concentration, the responses of intrinsic defects and the effects of high
temperature annealing.

Overviews of the spectral data of intensity as a function of emission spectra and
temperature are conveniently displayed as a combination of isometric plots and contour maps,
since these images define the general pattern of the emission. More quantitative data are
presented as slices from the isometric information and slices can be prepared to show emission
spectra at a specific temperature, or the TL glow curves as a function of wavelength. There
are major differences in intensity between the short wavelength signals and those from the
europium sites. For the weak signals, rather than use a single wavelength or temperature
channel for the slices, the signals were integrated over a range of temperature or spectral
channels.

Figure 1 contrasts the high temperature isometric plots of the TL for material as originally
prepared with samples which had been annealed for 12 h at 1200 ◦C. As is immediately
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(a)

(b)

Figure 1. Isometric views of the TL spectra of Gd2O3:Eu after x-ray irradiation at room
temperature. The left hand image corresponds to the ‘as-prepared’ powder and the right one to
powder that had been annealed at 1200 ◦C.

obvious, the initial signals from the ‘as-prepared’ samples are virtually non-existent and the
major feature on the figure is from the black body thermal emission. However, after annealing,
the samples provide intense TL features with sharply defined red emission bands. The bands
are at wavelengths characteristic of Eu transitions but the Eu lines are broadened in the Gd2O3

host relative to those from atomic spectra. This emphasizes that the radiative decay pathway
is primarily via the dopant ions. Figure 1 shows that annealing has increased the efficiency
by around one thousand-fold. A contour map of the intensity pattern for the Eu signals is
shown in figure 2(a). There is a very large intensity range between the various Eu inner shell
transition lines and figure 2(b) displays a simple spectrum. One notes that there are some
minor wavelength shifts and also obvious changes in the relative transition intensities after
annealing. These were apparent at anneal temperatures above 800 ◦C, and the example shown
here contrasts the original as-prepared spectrum with that after a 1200 ◦C anneal. Both signals
were recorded above room temperature. One notes that such changes in the inner shell rare
earth transition spectra are typical as being the result of changes in the local crystalline field,
hence the data suggest that some structural relaxation and/or phase transition has occurred as
the result of the high temperature anneals. Figure 3 shows a conventional TL curve for signals
recorded at two of the europium emission wavelengths. Once normalized, the 610 and 705 nm
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Figure 2. (a) A contour map of the TL intensity above room temperature from a sample which had
been annealed at 1200 ◦C. (b) Radioluminescence spectra from Eu in the ‘as-prepared’ sample and
from material annealed at 1200 ◦C.

TL graphs have the same form, but the longer wavelength signal is distorted above ∼300 ◦C by
the rising black body emission.

The low temperature TL was recorded from 25 K and here there are a number of features
in the UV/blue region of the spectrum, as well as from the europium dopant sites. Examples
of the isometric plots are given in figure 4 together with examples of contour plots in figure 5.
Note that the apparent intensity step near 450 nm for the unheated sample data is merely an
artefact of the use of two detector regions. Intensity matching between detectors for such weak
signals has not been attempted as there is a very large intensity range between the signals
at the short wavelengths and in the red region. This intensity difference is dealt with in
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Figure 3. TL curves above room temperature for a 1200 ◦C annealed sample (note that for the
705 nm signal the high temperature values are dominated by the black body radiation).

figure 5 by displaying the short and long wavelength data as separate contour plots. As for
the room temperature examples there are major intensity differences between signals from the
‘as-prepared’ material and samples which had been annealed. The examples shown here are
for the material after the 1200 ◦C anneal but the data from the material annealed at either 900
or 1000 ◦C are quite similar, albeit slightly less intense. The most obvious change as the result
of annealing the samples is that the Eu signals dominate the spectra.

Figure 4 also shows the effects of 1000 ◦C annealing both for the material with the Gd:Eu
ratio of 8:2 and the earlier material with a ratio of 9:1. After annealing the spectra are again
dominated by the red line spectra from Eu transitions. The TL glow peaks appear at comparable
temperatures but the relative intensities of the peaks are a function of Eu concentration and
anneal temperature. In particular, the 1000 ◦C anneal does not clearly resolve the TL peaks.
For the more lightly doped sample (9:1) the first of the main peaks is considerably weaker and
the pair of higher temperature peaks is replaced by a weak and continuous emission during the
heating.

Information regarding defect and luminescence sites is provided by TL data in different
spectral regions and figure 6 emphasizes these variations with normalized intensity plots. Since
the temperatures of the glow peaks differ with wavelength one can conclude that there are
several independent recombination sites which are linked to specific types of charge trap.
This conclusion is quite different from the simplistic models of TL where charge trapping and
recombination centres are totally independent. There are various overlapping peaks and table 1
summarizes the nominal peak values as a function of wavelength for the annealed sample. No
attempt has been made to deconvolute the features into detailed component TL peaks. Some of
the features are broad and asymmetric, which may indicate that there are several components.
Approximate intensity values are included in the table, with the weakest peak defined as unit
intensity.

Figure 6(a) sketches the normalized TL glow curves as recorded in five different
wavelength regions. The figure, and table 1, show identical TL glow curves (within
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Figure 4. Low temperature TL emission spectra of Gd2O3:Eu. Upper left shows the TL for an ‘as-
prepared’ sample with Gd:Eu ratio of 8:2 and the upper right values are after the 1200 ◦C anneal.
The lower figures are after 1000 ◦C anneals, where the lower left example for a sample with the
Gd:Eu ratio of 9:1 and the lower right for the ratio of 8:2.

Table 1. TL peaks which appear at low temperature for a 1200 ◦C annealed sample.

Wavelength (nm) TL peak (K) Relative intensity

250–350 77 125 1 3.5
350–400 48 77 98 125 1.2 1.9 1 2.7
400–480 48 77 98 125 1.8 1.1 1.6 1
570–670 77 137 198 280 8 8.3 1 1
670–750 77 137 198 280 8.2 8.3 1 1

experimental error) that appear for all the Eu transitions in the red spectral region. The Eu
curves differ distinctly from those obtained from shorter wavelength analyses. Indeed, there
are differences between all the shorter wavelength TL curves and a substantial difference in
peak temperature from 125 to 137 K for the UV/blue emissions and the red Eu signals.

In intensity terms, annealing has only enhanced the europium emission and the UV/blue
signals do not increase, although there are some changes in the relative intensities of the
short wavelength TL peaks after the heat treatment. The Eu spectrum from these annealed
samples is constant, within experimental error, from the low temperature data through to the
high temperature TL, and matches that seen in the radioluminescence data of figure 2(b).

The contour plots of figure 5 do not readily reveal the details of the spectra at the shorter
wavelengths so figure 7 contrasts the short and long emission spectra. Figure 7 presents the
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Figure 5. Low temperature contour data of the TL from samples ‘as prepared’ (upper figures) and
after the 1200 ◦C anneal (lower figures). Note that the UV/blue and red regions are separated to
accommodate their very large intensity differences.

Table 2. TL peaks which appear at low temperature for an un-annealed sample.

Wavelength (nm) TL peak (K) Relative intensity

250–350 127 1
350–400 48 127 1 1
400–480 48 96 127 4 1 1.3
500–570 48 85 3 1
570–670 77 137 1.5 1

short wavelength data from both TL at 60 and 130 K. The short wavelength radioluminescence
spectrum at 130 K for the 1200 ◦C annealed Gd2O3:Eu particles is shown, but this is relatively
featureless.

For the ‘as-prepared’ material one suspects that the same glow peaks are present at the
same temperatures, as indicated by three TL patterns for three wavelengths in figure 6(b), but
there are obvious differences in relative intensity compared with the annealed samples, not only
between the short and long wavelengths, but also between the signals in the short wavelength
region. Table 2 summarizes the pattern and indicates the approximate intensity pattern and
figure 6(b) shows three wavelength examples of the TL glow curves.

4. Particle structure and morphology

XRD patterns implied the presence of two cubic phases in as-prepared powder sample
formed during the aerosol process, a main Ia3 phase and a secondary Fm3̄m phase with
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Figure 6. (a) Examples of the wavelength dependence of TL curves from Gd2O3:Eu after 1200 ◦C
annealing. (b) Examples of the wavelength dependence of TL curves from ‘as-prepared’ Gd2O3:Eu.

the concentration of 12 wt%. The latter phase is structurally similar to the Gd2Te6O15 (file
card 37-1400, a = 5.611 Å) [4]. Table 3 summarized the derived lattice parameters, together
with Rietveld based Fullprof refinement parameters. Only the Ia3 phase after the annealing
was found. Based on XRD data evaluation, it is evident that the higher value of the cell
parameter by comparison with the c-Gd2O3 (a = 10.81 Å, JCPDS file card 43-1014) indicates
the incorporation of Eu3+ into the gadolinia matrix, since the Eu3+ ionic radius is slightly
larger than Gd3+ (Eu3+—0.095 nm; Gd3+—0.094 nm). The differences in the luminescence
changes for as-prepared and thermally treated samples could therefore be related to changes
in the gadolinia crystal structure, i.e. the existence of two cubic phases in as-prepared samples
and only cubic Ia3 after annealing (as evidenced by XRD).
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Figure 7. TL spectrum at 60 and 130 K, and RL spectra at 130 K of 1200 ◦C annealed Gd2O3:Eu
in the short wavelength region.

Table 3. Rietveld based Fullprof refinement parameters.

Temperature ◦C /time (h) Phase Lattice parameter (Å) Rp (%) Rwp (%) Rf (%) Rb χ2

As prepared, 700 Ia3 10.835(1) 11.1 14.2 8.93 9.88 2.82
As prepared, 700 Fm3̄m 5.620(1) 11.1 14.2 10.1 13.9 2.82
800/12 Ia3 10.822(1) 11.60 15.6 25.4 14.4 1.5
900/12 Ia3 10.821(1) 11.60 15.6 25.4 13.9 1.5
1000/12 Ia3 10.818(1) 12.9 16.9 26.7 20.4 1.58
1100/12 Ia3 10.821(2) 13.6 17.6 34.8 22.0 1.71
1200/12 Ia3 10.8360(4) 10.3 14.0 14.7 8.78 1.70

Since an important factor for the phosphor preparation is the form of the particles, figure 8
shows a high resolution FE-SEM image of the as-prepared and thermally treated powder
samples. The secondary particles have spheroidal geometry, in the submicrometre range.
These tend to agglomerate either as chains or clusters of particles of primary nano-particles,
particularly as the result of the annealing treatments. FE-SEM images clearly show the
differences in the particle morphology depending on their preparation history. On increasing
the annealing temperature, the particle surfaces become smoother, which may indicate either a
phase transition or other primary particle rearrangement. Loosely sintered primary particles
are evident inside agglomerates at 1000 ◦C. However, at higher temperature (figure 8(c)),
interparticle collision and sintering are evident among the secondary particles, followed by
decreases of the primary particle size dispersion, to smaller particles.

TEM additionally revealed the morphological changes and changes in particle association
for the ‘as-prepared’ and thermally treated particles. Based on the low magnification bright
field image (figures 9(a)–(d)), it is again evident that annealing tends to allow association of the
particles.
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(a) (b)

(c)

Figure 8. FESEM of the as-prepared Gd2O3:Eu particles with (a) initial powder samples, (b) after
annealing at 1000 ◦C for 12 h and (c) after 1100 ◦C for 12 h.

SAED patterns confirmed the results of XRD analysis, showing two polycrystalline cubic
phases in ‘as-prepared’ samples: the main phase is bcc with Ia3 space group, and the unit
cell parameter a ≈ 10.8 Å; the secondary phase has Fm3̄m symmetry and the cell parameter
of 5.6 Å. In samples treated at temperatures of 800–1000 ◦C for 12 h, only the cubic Ia3
phase has been observed (figures 9(b)–(d)). However, the detailed TEM observations revealed
the existence of a well ordered phase for the samples treated at 1100 ◦C for 12 h (which was
not observed in the XRD patterns). The new phase is different from the cubic one, and the
interplanar spacings indicate a similarity with a monoclinic phase.

The details of this minority phase can be appreciated in figure 10, where an HR-TEM
image in bright field of the sample treated at 1100 ◦C for 12 h shows the periodicity and
an ordered structure. The inset in the same picture represents the fast Fourier transform
(FFT), indexed according to a C2/m symmetry, that was also confirmed with SAED patterns
(figure 9(d)), indicating a monoclinic phase with the approximate unit cell parameters a = 13.6,
b = 3.56, c = 8.6 (a:b:c = 3.82:1:2.41), β = 100.6◦. This phase is equivalent to the file
card JCPDS = 43-1015 and the results obtained are summarized in table 4, together with the
interplanar spacings, and the hkl Miller indices, taken from several SAED patterns or directly
obtained from the FFT of the images. It is evident that there is a good agreement between
measurements and the theoretical values (JCPDS 43-1015). The defects formed along the grain
boundaries, easily resolved in the same image, could be responsible for extra spots that are
present in FFT of some areas of the image.
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(a)

(b)

(c)

(d)

Figure 9. TEM of the Gd2O3:Eu particles, (a) as prepared, (b) powder samples annealed at 800 ◦C
for 12 h, (c) 900 ◦C for 12 h and (d) 1100 ◦C for 12 h.

Figure 10. HR-TEM image in bright field of the powder sample treated at 1100 ◦C for 12 h together
with the FFT, indexed according to a C2/m symmetry along the [202̄] axis zone (in inset).

Figure 11 represents an HR-TEM Fourier filtered view of the above image, and the
corresponding fast Fourier transform (FFT) (included as an inset), indexed according to a
monoclinic C2/m phase along the [202̄] axis zone. In the image the (111) and the (202) planes
are resolved. Figure 12 represents a comparison between the calculated electron diffraction
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Figure 11. Fourier filtered HR-TEM of the above image and the corresponding FFT (in inset),
indexed according to a monoclinic C2/m phase along the [202̄] axis zone.

Table 4. The theoretical and empirical parameters of the monoclinic phase identified after annealing
at 1100 ◦C for 12 h.

JCPDS 43-1015 Experimental hkl Miller indices

Space group 12 C2/m 12 C2/m
Lattice parameters a = 14.06, b = 3.55, c = 8.56 a = 13.6, b = 3,56 c = 8.6
Angles α = γ = 90◦ β = 100.1◦ α = γ = 90◦ β = 100.6◦
Interplanar distances d (Å) d (Å) h k l

8.62 8.6 0 0 1
4.312 4.31 0 0 2
3.158 3.15 1 1 1
2.875 2.86 0 0 3
2.755 2.739 −1 1 2
2.431 2.43 4 0 3
2.131 2.1 −3 1 3
1.913 1.91 3 1 3

pattern, in accordance with the procedure of Morniroli et al [6], and the FFT is shown as well,
indicating a good agreement between both images according to the C2/m model.

For the case of the rare earth sesquioxides, a monoclinic phase is metastable at ambient
conditions and could be obtained by quenching from high temperatures and under high
pressure [7]. However, a short residence time and high heating rates associated with the aerosol
route may favoured to the formation of the metastable monoclinic structure at temperatures
�1100 ◦C. Similar observations are reported in the case of the Y2O3:Eu3+ phosphor system
obtained through the gas phase, where the monoclinic phase was resolved in the particles less
than 20 nm [1, 8]. The stabilization of the higher density metastable monoclinic structure is
probably attributable to the Gibbs–Thomson effect, in which the increased surface tension, as
a characteristic of nano-particles, converts the particle to the denser metastable phase [7]. This
phase obviously appears locally in the examined Gd2O3:Eu3+ system, having short distance
order and being invisible for XRD, however visible on TEM observations.



9270 Y Wang et al

 

(a) (b)

Figure 12. A comparison between (a) the calculated electron diffraction patterns and (b) FFT for
the [202̄] axis zone.

The monoclinic phase has space group C2/m and the lattice possesses three
crystallographically distinct cation sites, each having point group symmetry Cs. All three
cation sites are sevenfold coordinated [9, 10]. Thus, the Eu3+ occupies the three non-equivalent
crystallographic sites in the monoclinic structure. For the case of the Gd2O3:Eu3+ cubic
crystalline system, with space group Ia3, the Eu3+ ion can occupy two Gd3+ sites with a
coordination number of 6 with C2 and S6 symmetries [11, 12].

When introduced into the solid gadolinia, the Eu3+ luminescence is associated with both
4f–4f intrashell and 5D0 → 7F j ( j = 0–4) intershell transitions. Since the 4f levels are
unaffected by the host lattice, the shape and symmetry of the d orbitals have essentially five
orientations, so the energy level positions associated with each orientation depend on the local
crystalline field surrounding the Eu3+ ion [13]. These changes affect the luminescence spectra
and relative line intensities, as already noted. The luminescence spectra of the Eu3+-doped
gadolinia for the sample annealed at 1200 ◦C, as shown in figure 2(b), correspond to 5D0 → 7F j

( j = 0–4) transitions. The most intense component for the set of 5D0 → 7F2 transitions is
observed near 610 nm and this emission is characteristic of the C2 symmetry site in the cubic
Ia3 phase, as seen for the 1200 ◦C annealed samples (figure 1). The local appearance of the
metastable monoclinic phase at temperatures above about 1100 ◦C is associated with a high
content of interfaces and high defect content. These changes may cause broader luminescence
lines, as the result of Eu3+ in a locally disordered gadolinium oxide matrix.

5. Discussion

The results shown above are interesting in that they show that increasing the europium content
of the phosphor can modify the types of defect site which exist within the phosphor and that
the overall emission intensity can be increased by ∼1000-fold by high temperature annealing.
Very high dopant concentrations are considered here, of up to 20% of the Gd sites, but the fact
that this is feasible is not surprising. Gd and Eu rare earth ions are adjacent members of the
periodic table and differ in ionic radius by no more than 1%. The more important factor on the
lattice distortion is defined by the ionic volume difference and even this is only ∼3%. At such
high dopant concentrations there will be strong coupling between dopant sites. Long range
interactions between defects (including dopants) must be considered [14, 15], and examples
have been established over as many as 25 neighbouring ionic shells. Thus strong coupling
between Eu sites is expected for the present heavily doped material. For many types of dopant,
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coupling offers routes for energy transfer between sites which would quench the luminescence.
Surface quenching is also a factor to consider, so efficiency is a function of particle size (e.g. as
discussed in a recent review [16]).

For the annealed samples there is no obvious evidence for Eu concentration quenching,
perhaps because the Eu inner shell transitions are sufficiently screened that the luminescence
is still a favoured energy decay path. Hence the Eu transitions of the thermoluminescence
signals are intense. Conversely, the ‘as-prepared’ samples show only weak TL signals because
of a much higher concentration of intrinsic defect sites which can quench the luminescence
or inhibit charge retention during the irradiation stage. High intensity TL, which occurs
preferentially at Eu sites, may indicate that the stored charges resulting from the x-ray
ionization within the lattice are trapped at sites which directly involve Eu ions. The concept of
defect complexes which provide both the trapping and luminescence sites has been proposed
for many TL materials, including standard radiation dosimeters such as LiF:Mg:Ti:O (TLD100)
or CaF2 etc [17] and minerals such as CaCO3:Mn [18].

The gadolinium oxide TL results further confirm this pattern of behaviour since the
UV/blue emission TL signals generate low temperature glow curves which differ in temperature
and the number of component TL peaks from signals arising from the rare earth dopant ions.
Indeed, the responses very closely match the TL behaviour of LaF3 [19, 20] and bismuth
germinate (BGO) [21] doped with rare earth ions. In each of these cases the intrinsic TL
of the host lattice is seen at low temperature at short wavelengths and includes several TL
peaks below about 130 K, corresponding to annealing of intrinsic defects. The 130 K value
is characteristic of the upper temperature limit for annealing of hole type defect traps [19].
Variants of these same defect structures which involve the rare earth dopants have altered charge
stability and the TL peak temperatures rise with the size mismatch of the dopant from the host
lattice site. The peak temperature shift (tables 1 and 2) from ∼125 to 137 K from intrinsic
signals to the Eu emission TL is in line with the LaF3 and BGO examples. Similarly to the
LaF3, the gadolinium oxide shows a more complex number of TL peaks with increasing rare
earth content [20], as exemplified in figures 1 and 4. Figures 6(a) and (b), and the two tables,
also indicate that the TL glow curves are very different for the Eu signals, the ‘as-prepared’ and
annealed samples. These differences may be interpreted as yet further evidence that, whilst the
charge trapping sites have generically the same type of defect structure in each case, the detailed
differences between the sites result in not only different emission spectra but also different TL
temperatures.

6. Summary

An aerosol route was applied for the synthesis of nanostructure submicron sized spherical
Gd2O3:Eu3+ particles. The particle morphology and phase content were evaluated by different
analysis techniques (XRPD, FE-SEM and HR-TEM) and discussed in terms of the processing
parameters and post-annealing temperature. XRD patterns implied the presence of two cubic
phases in as-prepared powder: a main Ia3 phase and a secondary Fm3̄m phase with the
concentration of 12 wt%. Only the Ia3 phase after the annealing was found. HR-TEM
investigations proved the local appearance of the metastable monoclinic C2/m structure at
temperatures around 1100 ◦C, whose formation is probably associated with the high heating
and cooling rates during synthesis. In conclusion, the TL signals demonstrate that there are
numerous defect and luminescence sites in the Gd2O3:Eu phosphors which are a function of
sample preparation, dopant concentration and annealing. The sites are somewhat independent
in terms of their emission spectra, and the stability of some sites is enhanced by the presence
of Eu so that the TL peaks appear at higher temperatures than those of the host material.
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