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A large amount of research has been conducted on
semiconducting quantum dots exploring quantum con-
finement effects. On the other hand, nanophosphors — in-
organic insulating nanostructured luminescent materials —
have received considerably less attention. Our research
involving nanomaterials has then focused on the ques-
tion: How does reduced dimensionality affect the physi-
cal and chemical behaviour of nanophosphors?

in order to partially answer this fundamental ques-
tion, we have produced numerous oxides, among them
Lu28i05:Ce (L8SO), Y2Si05:Ce (YSO), Gd28105:Ce
(GSO), and ALQO;, and characterized their structural and

1 Introduction Nanoscience research in photonics,
magnetics, sensors, synthesis, and instrumentation con-
tinues to be an exciting and fruitful area of research [1].
Semiconducting materials such as quantum dots, particu-
larly the photonic properties of these materials, have
been the primary focus of nanoscience research. Our
work has focused on a different class of materials —
namely nanostructured insulators or nanophosphors
which have remained largely unexplored until recently
[21.

Although phosphors play an integral role in numer-
ous aspects of modemn life with applications ranging
from fluorescent lighting and cathode ray tube displays
to medical imaging (i.e., positron emission tomography
scanners) {3], we have focused on nanophosphor materi-
als that show promise as nuclear radiation detectors. In
these luminescent materials, the electronic and optical
properties of the luminescent centres are affected by the
local symmetry, crystalline structure, degree of structural
disorder, defects and chemical composition. In addition,

Juminescent properties. Structure, grain size, phase purity
and chemical homogeneity in the nanoscale were deter-
mined nsing x-ray diffraction, transmission electron mi-
croscopy, and electron paramagnetic resonance. The Iu-
minescent properties of the nanophosphors were charac-
terized by thermoluminescence, radioluminescence, pho-
toluminescence. and optically stimulated luminescence.
In this work, we will present an overview of the nascent
field of nanophosphors, and summarize the results ob-
tained in our laboratory with particular emphasis on the
luminescent properties.

Copyright tine will be provided by the publisher

the presence of other dopants or impurities can alter en-
ergy transfer processes. In nanophosphors, myriad sur-
face effects are possible related to structural relaxation,
reconstruction, dangling bonds, aging, etc, that arise
from the high surface-to-volume ratio of nanoparticles.

In this paper, we first examine rare-earth (RE) doped
nanophosphors such as oxyorthosilicates (including Ce-
doped Lu,Si0s (LSO), Y,Si0s (YSO), and Gd,SiOs
(GSO)) with emphasis on optical properties and how
these change with reduced dimensionality. The structural
and optical properties of storage nanophosphors {(e.g.,
Al;O3) have also been studied as these materials are of
utmost importance in passive personal dosimetry.

2 Materials and Methods

2.1 Solution Combustion Synthesis The nano-
phosphors discussed in this paper were produced by the
Solution Combustion Synthesis (SCS) technigue [4]. In
this process, commercial nanopowders are dissolved in
an excess of nitric acid. After the exothermic reaction

Copyright line will be provided by the publishar
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cools, the resulting nitrate solutions are divided into cru-
cibles. A measured amount of fuel (either urea, glycine,
or hexamethylenetetramine (HMT) for our experiments)
is then added and the samples are dried in a vacuum oven
at 115 °C for 1 hour. The samples are then combusted in
air in a muffle funace, and the samples are finally an-
nealed at 1000 °C for 1 hour to remove any excess fuel
and nitrate residues.

2.2 Characterization techniques Structural and
morphological characterization was carried out by a
Siemens D5000 x-ray diffractometer with Cu,, radiation,
and TEM measurements. Preliminary TEM measure-
ments used a Phillips CM30 microscope operated at 300
kV, while high resolution (HRTEM) and scanning
(STEM) TEM used a JEOL 2010F microscope operated
at 200 kV

Photoluminescence excitation (PLE) and emission
(PL) measurements were obtained in ambient conditions
using a Photon Technology International TimeMaster™
fluorimeter.

Radioluminescence (RL) measurements were carried
out in vacuum at room temperature using a Mo-target X-
ray source operating at 50 kV and 40 mA. The effective
X-ray energy was ~25 keV and the dose rate at the sam-
ple was 1.75 Gy/s (measured in air).

Thermoluminescence (TL) experiments were carried
out on one of two commercial systems. A Harshaw TLD
Model 3500 manual reader measured TL (at a heating
rate of 5 °C/s) from sample powders on a silver planchet
after they had been exposed to 25 keV X-rays. A Risg
TL/OSL DA-15 [5] automated system was also used
where powder samples were affixed to stainless steel
disks using silicone spray and irradiations were per-
formed with an on-board *°Sr/*Y B irradiation source de-
livering 0.129 Gy/s. The samples were heated at a rate
of 1 °C/s and light detection was accomplished via a pho-
tomultiplier tube (PMT) with bialkali photocathode
(Thom-EMI 9235QA). The same TL/OSL DA-15 system
was used for OSL measurements where 470 nm optical
stimulation was provided by a LED array.

Electron paramagnetic resonance (EPR) spectroscopy
measurements were made both at room temperature and
liquid helium temperature with a Bruker EleXsys E-500
spectrometer equipped with an Oxford cryostat. The X-
band spectrometer consists of an SHQE-W1 cavity, Su-
perX bridge, NMR Tesla meter, and field/frequency sta-
bilizer. Data were acquired by taking the first derivative
of the absorption curve with field modulation 100 kHz
and amplitude 0.4 mT. Powder samples were placed in a
fused silica tube and inserted into the microwave cavity
for measurement.

3 Oxyorthosilicates In this paper, we discuss ex-
periments on Ce-doped LSO, YSO, and GSO nanophos-
phor oxyorthosilicates. The samples were produced by
the SCS method using X,03 (where X=Lu, Y, or Gd) as
starting materials. After dissolution in nitric acid,

Copyright line will be provided by the publisher

Ce(NO3)y 6H,O (for Ce doing) and fumed silica were
added to the mixture. After combustion and annealing,
the process resulted in agglomerated X,SiOs5:Ce (where
again X=Lu, Y, or Gd) nanophosphors.

3.1 Nanophosphor structure

LSO and YSO crystals grown by the Czochralski
(CZ) method are known to crystallize in the monoclinic
C2/c structure with Lu or Y (and Ce upon doping) occu-
pying two distinct sites with 6 and 7 oxygen coordination
respectively. GSO crystals, on the other hand, have P2,/c
symmetry with 7 and 9 oxygen coordination [6]. XRD
analysis shows that all of the oxyorthosilicate nanophos-
phors produced in our lab crystallize in the P2,/c struc-
ture with 7 and 9 oxygen coordination. These results
mean that nanostructured LSO and YSO are structurally
different from their bulk counterparts while GSO has the
same structure for nanophosphor and bulk specimens,
and the structural changes will be important when con-
sidering changes in luminescence properties.

i

Figure 1 TEM of nanophosphor LSO showing (a) micron sized
agglomerated crystallites and (b) a single crystallite.
Nanophosphor oxyorthosilicate microstructure was
further investigated through TEM (Fig.1). While the av-
erage crystallite size is consistent with the XRD Debye-
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Scherrer analysis that yielded 30 nm, TEM analysis re-
vealed a broad size distribution, with dimensions typi-
cally ranging from 20 to 80 nm and micron sized ag-
glomerated particles. The crystallites show no evidence
of an amorphous core, indicating complete reaction. On
the other hand, they have many dislocations and stacking
faults, which is not unexpected for combustion produced
materials [7]. Electron energy loss spectroscopy (EELS)
in conjunction with STEM on Tb-doped nanophosphors
has recently confirmed that the dopant is homogenously
distributed within the nanophosphor for SCS produced
samples [10].

3.2 Luminescence properties

Luminescence results from RL and PL have previ-
ously been reported for nanophosphor YSO [9], LSO,
and GSO [10]. Surprisingly, the nanophosphor oxyortho-
silicates are nominally as bright as their bulk counter-
parts when stimulated by X radiation (RL) or ultraviolet
light (PL). Our experiments have largely centred on try-
ing to understand the increased light output from the
nanophosphor oxyorthosilicates and the role of reduced
dimensionality.

By comparing the normalized PLE and PL curves for
bulk and nanophosphors, it can be seen that n-LSO and
n-YSO display approximately 20 nm red shifts and con-
siderably less self-absorption as compared to the bulk
specimens. The reduced self-absorption in the nanoparti-
cles could partially explain their increased PL. intensities.
However, the PL peak shifts are unlikely to be due to re-
duced dimensionality as n-GSO shows only a 5 nm red
shift (as compared to bulk). Since the XRD results
showed that n-YSO and n-LSO have different crystal
structures from bulk crystals while n-GSO and bulk GSO
have the same crystal structure, the changes in PL peak
positions can be atiributed to changes in the activator ion
(e.g., Ce) symmetry [10].

Reduced dimensionality probably plays a more im-

Ce3+ gy

2000 3000 4000 5000
Magnetic Field (Gauss)

Figure 2 EPR spectra (measured at 10 K) of nano (black)
and bulk (gray). The g, and g, Ce™ resonances are marked.
Nole that the nano spectra has been multiplied by 6.

_portant role in another aspect of nanophosphor lumines-

cence. In CZ grown oxyorthosilicates, the maximum Ce
concentration is limited by the low segregation coeffi-
cient {11] to about 0.05% and the luminescence intensity
as a fonction of doping concentration (referred to as a
quenching curve) cannot be measured. Instead, we have
compared quenching curves for bulk and nanophosphor
Y;0::Th, When measured with PL, the bulk and nano-
phosphor specimens peak at 0.5 % and 1.5 % Ce concen-
trations respectively. The PL (or RL) does not continue
to increase with Ce concentration as efficient energy
transfer occurs among the Ce ions above a certain con-
centration and this increases the chances of energy trans-
fer to a quenching center. In nanophosphors, energy
transfer will be restricted to the crystallite and hence a
higher Ce concentration is required before quenching ef-
fects become evident as compared to bulk crystals where
energy transfer can take place throughout the entire crys-
tal.  The reduced quenching effects for n-
oxyorthosilicates along with the ability to dope at higher
Ce concentrations helps to increase the total light yield.

EPR measurements have revealed another possible
decrease in quenching behavior for the nanophosphors.
Fig. 2 shows EPR spectra for both bulk and nanophos-
phor LSO:Ce measured at temperatures below 10 K. The
Ce lines can only be detected below approximately 50 K
due to lifetime broadening of the lines above this tem-
perature [12]. Although there is a slight shift in the g-
values between the bulk and nanophosphor samples, of
more significance is the broader linewidths displayed by
the nanophosphor which are indicative of increased crys-
tal disorder. In order to quantify the disorder, we studied
the Orbach relationship for LSO and YSO (the Ce lines
in GSO cannot be resolved). The Orbach process is a
resonant two-phonon process involving the excited state
of Ce™ and relaxation from this state instead of the direct
relaxation employed in the typical EPR process. The
temperature-dependent linewidth of the Ce™ EPR reso-
nance in the Orbach process is indicative of the inhomo-
geneous broadening due to crystal disorder [12]. The
linewidth for the g, resonance was measured for LSO
spectra taken at various temperatures and fit to the rela-
tionship:

Iw=A+C*AE™exp(-E/k,T) )
where Iw (Gauss) is the FWHM of the resonance, A
(Gauss) is the inhomogeneous broadening due to lattice
disorder, C is a constant, and AE (cm-1) is the energy
splitting between the excited states. The energy splittings
and crystal disorder for bulk and nanophosphor LSO and
YSO are summarized in Table 1. Although there is no
consistent variation in the energy splittings, the nano-
phosphor samples show over a tenfold increase in crystal
disorder. The increase in crystal disorder is expected as a
result of the SCS method and has large implications for
the luminescence properties as resonance energy transfer
is presumably less efficient and quenching processes are
less effective.

Copyright line will be provided by the publisher
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TIL. and OSL measurements have also shown that the
concentration of trapping centers is reduced in nano-

Sample AE (em™) A (Gauss)
1.50 Bulk 1598 5.0+0.8
LSO Nano 1539 81.8+1.5
YSO Bulk 14344 5.8+0.5
Y SO Nano 2046 67.8+2.4

phosphor oxyorthosilicates. When normalized for differ-
ences in mass and dose, the bulk phosphors have TL and
OSL intensities 2 and 3 orders of magnitude greater than
nanophosphors respectively (Fig. 3). Since the PL meas-
urements do not show this trend, it can be assumed that
the reduced TL and OSL signals are due to reduced con-
centrations of electron trapping centers. Fewer electron
trapping centers imply reduced competition for electron-
hole recombination during the RL process and may help
explain the increased light yield as measured by RL.

4 Aluminium oxide
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Figure 3 (a) TL and (b) OSL for bulk and nanophosphor YSO.

Copyright line will be pravided by the publisher

Al 0a:C has been successfully employed as a per-
sonal OSL dosimeter as it is highly sensitive to ionizing
radiation and the signal is stable over the time period of
interest [13]. Although this material has been developed
for the commercial Luxel™ system, the materials are still
produced by crystal growth techniques [13]. If we can
produce nanophosphor ALO; samples by the SCS
method that are nominally as bright as bulk ALO;:C
samples, it may be advantageous to produce nanophos-
phor ALO; samples for purely practical reasons.

In order to investigate this possibility, we have used
the SCS method to produce nanophosphor AL,(O; samples
using aluminium hydroxide as a starting material, and no
doping of the nanophosphors was attempted. We also
used three different fuels (Glycine, Urea, and HMT) in
both stoichiometric and fuel-rich mixtures. Therefore, we
produced six different ALO; samples. After combustion,
the samples were annealed at 900 °C (as opposed to 1000
C) for 1 hour in air to remove any excess fuel and ni-
trates.

4.1 Nanophosphor Al,O, structure

XRD results revealed that only the urea fuel pro-
duced phase-pure nanophosphor ALO; Both urea-
produced samples (stoichiometric and fuel-rich) pro-
duced XRD patterns that of a hexagonal close-packed
(HCP) structure that is consistent with a-ALQOs. It is im-
portant to note that commercially available ALO::C also
shows a phase pure a-AlLQO; [14]. Nanophosphor samples
made with glycine and HMT fuels did not show clear
XRD patterns and probably represent mixed-phase sam-
ples.

4.2 TL and OSLl. dosimetric properties

As the purpose of studying nanophosphor AlLOs
samples is to develop passive dosimetry materials, we
tested the basic dosimetric properties of the produced
nanophosphor materials.

10+
IRk
v
c
>
8 +
- 0.1+
= E
=
S
P |
8 0.014 T
—&—Lrea
——(lycine
1E-3 pprr g
1 10 100

Dose (Gy)

Figuare 4 OSL dose response curves for Al;O; nanophosphors
produced using the three fuels indicated (stoichiometric con-
centrations).
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The TL signals from nanophosphors made using urea
and glycine were easily bleached by exposure to blue
light (470 nm +/- 20 nm} for 500 s. This is an important
property for OSL dosimetry which has distinct advan-
tages as compared to TL dosimetry. The HMT produced
samples, though, showed a significant residual TL signal
under the same bleaching conditions. The residual TL
signal may be due to retrapping of electrons as the TL
peak position shifts to lower temperature with increasing
radiation dose implying non first-order kinetics and sub-
stantial retrapping. The urea and glycine produced sam-
ples, on the other hand, both show first-order kinetics
along with favourable bleaching characteristics.

The radiation dose response curves yield different re-
sults. The dose response of the nanophosphors was only
monitored over a short range by both TL and OSL, and
the minimum detectable dose appears to be relatively
high when compared to commercially available ALOs:C.
Yet, more importantly, nanophosphor samples produced
with urea (using both stoichiometric and fuel-rich con-
centrations) have a linear dose response over the meas-
ured range and show no signs of saturation. However,
both glycine and HMT fuels preduced nanophosphors
with non-linear dose responses even over the limited
range of these measurements (Fig. 4).

4.3 Comparison with bulk Al,0,:C

Even if nanophosphor ALO; samples do have the ba-
sic dosimetric properties required for OSL and TL do-
simetry, nanophosphor samples will probably be of lim-
ited use if their properties and light yield differ signifi-
cantly from bulk ALOx:C. In order to directly compare
the TL and OSL signals from nanophosphor AL,O; and
bulk ALO;:C, we used a *St/°Y radiation source placed
at a greater distance from the sample position that deliv-
ered approximately 0.014 Gy/s. The lower dose rate en-
abled us to measure OSL and TL from AlL;Os:C without
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0 100 200 300 400
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Figure 5 Nommalized TL curves for bulk AlLO3:C and nano-
phosphors produced with two different fuels as labeled.

OSL (counts)

Time (s)

Figure 6 Normalized OSL curves for bulk ALO;:C and nano-
phosphors produced with two different fuels as labeled.
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Figure 7 Mass and dose normalized (a) TL and (b) OSL curves
for bulk ALO;:C and nanophosphors produced with the indi-
cated fuels.
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saturating the PMT.

The normalized TL curves of bulk and nanophosphor
samples in Fig. 5 show that urea and glycine produced
nanophosphors are similar to ALO;:C in that all three
curves have a dominant peak near 200 °C. However, the
nanophosphor samples also show significant peaks both
above and below the main TL. peak whereas AL O3:C
does not. This could mean that the SCS method produces
more types of defects (in significant concentrations) as
compared to crystal growth techniques.

Although normalized TL curves would suggest that
two fuels produce nanophosphors with properties similar
to ALO::C, normalized OSL curves show a different
trend. Both glycine and HMT produced nanophosphors
show rapid OSL decay while urea produced nanophos-
phors and bulk ALO;:C samples both show much slower
OSL decays (Fig. 6) . These results are not surprising
since XRD showed that only urea produced nanophos-
phors have the same crystal structure and phase as
ALOx:C. Although faster OSL decays are preferred in
many circumstances, the slow decay of ALO;:C (and
urea produced nanophosphor Al;O3;) makes uvsing the
pulsed OSL technique practical and greatly increases the
usefulness of ALO;:C [15].

Direct comparison of the TL and OSL intensities for
nanophosphor and bulk samples reveal that bulk ALO+:C
is considerably brighter than the SCS produced ALQO;
nanophosphors. Both TL and OSL curves (Fig. 7) have
been normalized by mass and radiation dose to give lu-
minescence intensity per unit mass per unit dose. The
urea produced samples yield light intensities most com-
parable to AlOx:C, but the initial intensities (taken from
Fig. 7) and the integrated intensities given in Table 2 are
approximately 100 times smaller for the SCS produced
nanophosphors than for bulk ALO4:C.

Table 2 TL and OSL integrated intensities for ALOx:C and
nanophosphors produced by indicated fuels.

Sample TL OSsL
AL, C 4.6e6 6.9e6
Glycine 1.7e4 3.1ed
Urea 2.5¢4 8.0ed
HMT 6.9¢3 9.7¢3

5 Conclusions

We have briefly examined the structural and optical
properties of two different classes of nanostructured ma-
terials.

Light yield from the nanophosphor oxyorthosilicates
is of the same magnitude as the bulk counterparts due at
least partially to multiple reasons. PL. and PLE present
red shift and greater Stokes shift in relation to bulk mate-
rals (for LSO and YSQO) and hence reduced self-
absorption. Quenching effects are also reduced in the
nanophosphor materials due to less efficient energy
transfer as evidence by PL quenching curves and the Or-
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bach mechanism measured by EPR. Finally, TL and OSL
measurements showed that the nanophosphor samples
have lower concentrations of trapping centres which
probably increase RL signals.

Results from attempts to produce bright ALO; do-
simetry materials by the SCS method were more mixed.
Although the amount of fuel (i.e., stoichiometric vs. fuel-
rich) has been important in synthesizing other nanophos-
phors, this factor seemed to make little difference in the
performance of n-ALO; samples. Both urea and glycine
produced nanophosphors displayed optically bleachable
TL signals and first-order kinetics, but only urea pro-
duced samples yielded linear dose response curves.
However, all of the SCS produced n-Al,O; samples were
orders of magnitude less bright than bulk Al,O;:C and
hence their practical applications would be limited. The
most likely explanation for the weak TI. and OSL signals
is the lack of doping (e.g., with C) that results in lower
concentrations of oxygen vacancies.
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