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Abstract In this study we have synthesized Y,03 (yttria)
nanopowders with 1 % Nd3* concentration by using a ther-
mal decomposition method and investigated the effect of an-
nealing temperature on the particle sizes and the effect of
particle sizes on the spectroscopic properties of these sys-
tems. The particle sizes were effectively controlled by syn-
thesis and annealing temperatures; the sizes were found to
vary in the 15-290 nm range. The particle sizes and cu-
bic phase of the yttria were determined by using XRD pat-
terns and confirmed by SEM and TEM measurements. We
note that the particle sizes increase by increasing the synthe-
sis and annealing temperatures. Temperature dependence of
the width and position of a selected spectral line were suc-
cessfully fitted with the theoretical expressions. We studied
thoroughly the behavior of the samples under pulsed exci-
tation and give plausible explanations of the measured ef-
fects.

1 Introduction

New avenues to research have been opened by the fabrica-
tion of nanopowders doped with optically active ions. Ex-
perimental results indicate that the energy levels are not
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much affected by the spatial confinement, whereas the dy-
namical properties are dependent on the size of the nanopar-
ticles. Another important result indicates that nanopowders
doped with optically active ions may luminesce even when
the dopant concentration exceeds the maximum concentra-
tion at which solids of the same nature can emit luminescent
radiation [1, 2].

The problem of the role played by the particles’ surfaces
versus their inner parts needs investigation, especially in re-
gard to the setting of the phonon spectrum in the presence
of the spatial confinement.

Thermal decomposition is a powerful and cheap wet
chemical technique that can be used to synthesize Y,03
nanopowders. This process is based on the chemical decom-
position of the materials caused by heat [3]. In this study we
used thermal decomposition to synthesize Y,0O3 nanopow-
ders. The compositions of the prepared formulations, syn-
thesis and annealing temperatures, and mean particle sizes
are given in Table 1.

2 Experimental
2.1 Preparation of the Nd**-doped Y,03 powders

Nanosized Y,03 samples doped with 1.0 % mol Nd3* ion
concentration were prepared by thermal decomposition of
yttrium—neodymium alginate. Yttrium nitrate hexahydrate
Y(NO3)2-6H,0, neodymium nitrate hydrate Nd(NO3)3-
H,0, and low-viscosity (250 cps of 2 % solution) alginic
acid sodium salt of an analytic grade were purchased from
the Sigma Aldrich Company.

The yttrium—neodymium alginate beads were prepared
by a thermal decomposition method according to the pre-
scription given in the literature [3]. 0.2 M 100 ml yttrium—
neodymium nitrate solution was prepared by dissolving the
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Table 1 Formulations of yttrium—neodymium alginate solution prepared, synthesis and annealing temperatures, and mean particle sizes obtained

from the Scherrer equation

Alginate Yttrium nitrate Neodymium nitrate Synthesis Annealing Mean size
(% wiw) (molar) (molar) temperature (°C) temperature (°C) (nm)
1 99 % of 0.2M 1 % of 0.2M 350 - 13.8
400 - 16.0
450 - 20.4
500 - 27.1
500 600 323
500 800 40.0
500 1000 49.7
500 1400 248.2

appropriate amounts of the yttrium nitrate and neodymium
nitrate salts in ultra-pure water. Also, 50 ml alginate solution
with 1 % w/w concentration was prepared by dissolving an
appropriate amount of the sodium alginate salt in the ultra-
pure water under magnetic stirring.

Alginate is a biopolymer which is extracted from three
species of brown algae. It is a linear heteropolysaccha-
ride composed of D-mannuronic acid and L-guluronic acid.
Gelation of alginate is possible by the interaction of the car-
boxylate group with divalent ions and the formation of beads
can be achieved by dropwise addition of sodium alginate
into divalent solution by using a syringe with a needle or
pipette [3, 4]. The formation of the yttrium—neodymium al-
ginate beads was achieved by the dropwise addition of the
sodium alginate solution into yttrium—neodymium salt solu-
tion by using a syringe.

The prepared beads were kept in their gelling medium
for 30 min under gentle stirring; then they were removed
from their gelling medium, placed in a porcelain crucible,
and heated to different temperatures ranging from 350 to
500 °C for 24 h with a heating rate of 10 °C/min in an elec-
tric furnace in air medium. Some of the products obtained
were annealed at 600, 800, 1000, and 1400 °C, to investi-
gate the particle size dependence on the annealing tempera-
ture.

2.2 Structural characterization

X-ray diffraction (XRD) investigations were carried out
with a Bruker AXS D8 model (Cu-Ko radiation) diffrac-
tometer at 40 kV and 30 mA setting in the 26 range from
20 to 70° with a scanning step of 0.02°. A JEOL 6335F
model scanning electron microscope (SEM) was used to get
SEM images of the samples. Elemental analysis was made
by using energy dispersive spectroscopy (EDS) attached to
the SEM. TEM images of the samples were obtained by us-
ing a JEOL 2010F model transmission electron microscope
(TEM) operated at 200 kV with a field emission gun. TEM
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specimens were prepared by depositing a few drops of a
sample, dispersed in ethanol by using an ultrasonic bath, on
a carbon-coated copper grid.

2.3 Spectroscopic measurements

The continuous emission spectra of the samples were ob-
tained by pumping the samples with the output of a Laser
Drive Inc. model LDI-820 laser diode, that resulted in the
excitation of the levels 2Hg /2—485 /2. The luminescence sig-
nal was directed toward the entrance slit of a 1 m McPherson
model 2051 monochromator and chopped at a frequency of
250 Hz before entering the slit. The monochromator pro-
vided a resolution 0.8 A with the slits set at 50 um and a
wavelength reproducibility of 0.1 A.

The optical signal was detected by a Hamamatsu 7102
photomultiplier tube with an S1 response, sent to a EG&G
model 5210 lock-in amplifier, and recorded in a com-
puter.

The same arrangement was used for the line-width and
line-shift measurements with the entrance and output slits
of the monochromator set at 80—150 pm, which corre-
sponds to a 1-2 A spectral width and a 5 A/min scanning
rate.

The experimental data on the responses of the samples to
pulsed excitation were obtained by using a Schwarz Electro-
Optics Inc. model Titan-P titanium-sapphire laser and a
Tektronix model TDS3052B oscilloscope.

For the experiments in the temperature range 34-300 K,
the samples were mounted on the cold finger of a closed-
cycle helium refrigerator. This system uses a Janis Research
model RD dewar connected with a Leybold model RW2
compressor. The temperature was controlled by using a Lake
Shore Cryotonics 805 model controller. For the experiments
at higher temperatures the samples were placed on a hot
plate which provided up to 700 K temperatures and the sur-
face temperatures of the samples were precisely measured
by using a J-type thermocouple.
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Fig. 1 XRD patterns of the 1 % Nd** doped Y,0O3 nanopowders

3 Experimental results
3.1 Structural characterization

The XRD patterns of the 1 % Nd3* doped Y>3 samples are
given in Fig. 1. The crystal structure and phase of all sam-
ples were analyzed by using these patterns. The cubic phase
of the yttria without any other phases was identified by com-
paring the peak positions and the intensities with those in the
Joint Committee on Powder Diffraction Standards (JCPDS)
data files. It was clearly seen that the peak positions corre-
spond well to the standard card with number 41-1105.

Figure 2 shows the SEM images of the as-prepared
(500 °C) and annealed at 1000 °C Y,Os samples. The
nanopowders with spherical shapes are relatively uniform
and have average diameters of ~30 nm and ~50 nm in
as-prepared (500 °C) and annealed (1000 °C) samples, re-
spectively. It is clearly seen from the SEM images that the
particle sizes of the samples are strongly dependent on the
synthesis and annealing temperatures and show an increas-
ing tendency with increasing annealing temperature. Also,
SEM images confirmed the particle sizes estimated from
XRD measurements by using the Scherrer equation. The in-
set of Fig. 2 shows the EDS (energy dispersive X-ray spec-
troscopy) spectra of the samples.

We also conducted a series of TEM measurements to
confirm the particle sizes and the morphologies of the syn-
thesized samples. Representative TEM images are given in
Fig. 3. It is clearly seen from the micrographs that the par-
ticle sizes are in good agreement with the results obtained
from both XRD and SEM measurements.

3.2 Spectroscopic characterization
The measurements of continuous luminescence spectra were

conducted from 35 to 300 K and in the 850-1150 nm wave-
length range. The luminescence spectra of all the samples at

35 and 300 K and the corresponding energy level scheme are
given in Figs. 4a and 4b and Fig. 5, respectively. The emis-
sion spectra of the samples consist of two group of emission
peaks due to the 4F3/2 — 419/2 and 4F3/2 — 4111/2 transi-
tions. We note that the general aspect of the spectra is the
same for all the samples. The intensity of the emission lines
increases for all samples with decreasing temperature; it is
also found to increase with increasing particle sizes. The
spectra with greatest intensity are those of the crystal. Ex-
amining the spectra in detail, we see that the smaller the size
of the particles, the wider the spectral lines and the greater
the shift of each line toward longer wavelengths with respect
to the corresponding line in the crystal. Figure 6 presents
the shift of a well-isolated line at 914.5 nm with respect
to the corresponding line in the crystal. This is the line we
have chosen in order to study the effects of temperature on
the width and position of the spectral lines of the samples.
The results of these measurements are reported in Figs. 7
and 8.

The measurements of the response of the samples to
pulsed excitation were carried out in the 35-700 K temper-
ature range. The results are given in Figs. 9a-9d. Since the
luminescence output of the Nd-doped samples consists of
spectral lines related to transitions that initiate in the dou-
blet “F3 /2, the response of these systems to pulsed excita-
tion is the same, regardless of the spectral line at which it
is measured. We have chosen to measure this response at
A = 892.5 nm (see Fig. 5). The lifetime of the 4F3/2 dou-
blet is host-dependent: it is 480 ps in YLF [5], 230 ps in
YAG [6, 7], 33 ps in YVOy4 [5, 6], and 260 ps in Y203 [7],
etc., but it is generally independent of temperature due to
the large gap between the 4F; /2 doublet and the lower ;s /2
multiplet [8]. We have found that the lifetime of the 4F, /2
doublet in the Y,O3 crystal, the value ~250 ps, almost in-
dependent of temperature.

The response pattern of the crystal is close to an expo-
nential, more so at high temperatures. The response of the
powder samples deviates from exponential at early times and
then becomes exponential with a decay constant greater than
that of the crystal, so that at a time after the initial response
the two patterns (the pattern of the crystal and that of the
sample) cross over.

The smaller the particle and the lower the temperature,
the greater the deviation of the initial pattern from expo-
nentiality and the longer the time at which the two patterns
cross. Figure 10 presents the lifetimes of all the samples as
a function of temperature. When a decay pattern was ex-
ponential, the lifetime was calculated from an exponential
fit. When a decay pattern was not exponential, we took as
a measure of the lifetime the area under the decaying sig-
nal, having set the intensity of the initial signal equal to
one.
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Fig.2 (a) SEM image of
as-prepared (500 °C) 1 % Nd3+
doped Y203 nanopowders
(inset: corresponding EDS

spectrum); (b) SEM image of
1 % Nd3* doped Y»03
nanopowders annealed at
1000 °C (inset: corresponding
EDS spectrum)
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4 Discussion of results
4.1 Structural properties

The cubic phase of the yttria was determined by using XRD
patterns. It was observed that the lattice parameter increases
with the addition of dopant ions and was found to be up
to 10.6051 A, which is the proof of the incorporation of
the Nd ions into Y37 sites due to the larger ionic radius
of Nd** (112.3 pm) than Y3t (104 pm) [9, 10]. It was
observed that the widths of the diffraction lines broadened
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with decreasing temperature because of the decreasing crys-
talline sizes. The narrowest line was observed for the sam-
ple annealed at 1400 °C. The particle sizes of the powders
were estimated by using the Scherrer equation [11] reported
below:

K
L= ,
BcosH

ey

where L is the crystallite length, K is a constant that varies
with the method of taking the breadth (0.89 < K < 1), A is
the wavelength of the incident X-ray beam, 8 is the width of
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Fig. 3 Representative TEM micrographs of 1 % Nd>* doped Y,03 sample (a) synthesized at 350 °C; (b) annealed at 1000 °C

the peak at half maximum intensity of a specific phase (hkl)
in radians, and 6 is the center angle of the peak. The (222)
peaks were used to estimate the particle sizes. As seen from
Fig. 1 and our calculations given in Table 1, the particle size
of the samples increases with increasing annealing temper-
ature. Also, the breadth of the XRD peaks decreases with
increasing annealing temperature.

The SEM and TEM images confirmed the particle sizes
calculated by using the Scherrer equation. A nebulous struc-
ture which we attributed to the existence of an organic com-
pound (alginate) was seen in some samples’ SEM images.
This structure disappears with increasing annealing temper-
ature. On the other hand, the EDS results confirm the pres-
ence of Nd3* content. All of the structural characterization
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Fig. 4 (a) Continuous emission spectra of samples at 50 K. (b) Con-
tinuous emission spectra of samples at 300 K

measurements showed that the particle sizes can be effec-
tively controlled by the synthesis and annealing tempera-
tures, and increase with increasing treatment temperature.

4.2 Spectroscopic response

The general aspect of the spectral output of the powder sam-
ples strongly resembles the spectra of the crystal, confirming
the fact that the confinement provided by the restrictions of
the particles’ sizes does not affect by much the energy levels
of the Nd3* ion.

The shifts reported in Fig. 6 indicate that their magnitude
becomes greater the smaller is the dimension of the particle.
It seems then legitimate to attribute this behavior to the in-
creasingly important role played by the surfaces in smaller
particles. The Nd ions at the surface are in a different envi-
ronment with respect to the ions in the interior of the ma-
terial. In a crystal the ions at the surface are a negligible
minority with respect to the ions in the bulk of the material,
but in a particle it is not so. In very small particles, going
from the surface toward the center of the particle, there is
gradation in the Nd—O bond lengths, approaching the condi-
tions of Nd in a single bulk crystal. It is possible that, even in
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the interior of the particle, the conditions of the environment
in the bulk will never be reached. This may account for the
fact that the shift of the lines increases with decreasing of
the particles’ sizes.

The results concerning the thermal line broadening were
handled as follows.

The experimental data were compared with the following
equation [12]:

AE(em™') = AEy+ AER, )
where
T 7 ,Tp/T X6€x
AER =@ — / —— ~ _dx. 3)
Tp 0 (e* —1)2

In Eq. (2), AEp is the temperature-independent residual
width from the two levels due to random crystal strains and
spontaneous phonon emission processes and AER is the
temperature-dependent contribution to the width due to the
Raman scattering of phonons: o, Tp, and AEy are treated as
adjustable parameters to get a best fit (a least square fit) to
the experimental line-width data shown in Fig. 7.

The values of the parameters that were used to produce
the fitting of the experimental data with the theoretical for-
mulas are listed in Table 2. It is of interest to note that the
residual line width at low temperature increases with de-
creasing particle size.

The effect of temperature on the position of the chosen
sharp line is presented in Fig. 8. We determined that the line
positions are red shifted with increasing temperature. The
experimental data were compared with the following Eq. (4)
that expresses the shift as due to the process of emission and
absorption of virtual phonons [12]:

4 oTo/T .3
T D
aE(cm—l):aER:a(T—>f S @
D 0 e -

where « and Tp are treated as adjustable parameters to get
a best fit. The line position at 7 = 0 K was estimated by
extrapolating the experimental data to zero temperature. The
corresponding fitting values of « and Tp for each line are
listed in Table 2.

The fitting values of the coupling coefficients & and « ob-
tained for the line widths and line shifts are typical for rare-
earth-ion-doped laser crystals. They are usually less than
100 cm™~!. In case of transition-metal ions the coupling co-
efficients o and « are usually about 500 cem~ 1 [13, 14].

The decay patterns of the luminescent Nd>* ions embed-
ded in the nanoparticles are expected to deviate from an ex-
ponential decay of the same ions in the crystal for two rea-
sons:

(1) The role played by the surfaces will be increasingly im-
portant as the radius of the particle is reduced, producing
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Fig. 6 Red shift of a line position of different samples with respect to
the crystal line

a deviation from exponentiality. Molecular groups such
as O—H residing on the surface may enhance the decay
process due to their stiff vibrations that rob the ion of
its excitation energy. We reasonably expect a deviation
from exponentiality at the beginning of the decay pat-
tern.

field with n = index of refraction of the host material.

Applying those considerations to the ions embedded in
the nanoparticles, we can say that the rate of their sponta-
neous emission (inverse of the radiative lifetime) depends
on an effective index of refraction nefs, which consists of
a combination of the index of refraction of the nanoparti-
cle nnp and of the index of refraction of the surrounding
medium 7 yed:

Neft(X) = xnNp + (1 — X)Mmeq, (6)
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where y is the filling factor indicating the fraction of space
that is occupied by the nanoparticles. The validity of the us-
age of negr in calculating the probability of decay rests on
the fact that the size of the particles is much smaller than the
wavelength of light [16].

Since the ratio x is independent of the size of the
nanoparticles, the tails of the response patterns of the par-
ticles with different sizes should be parallel after they cross
the pattern corresponding to the crystal response to pulsed
excitation.

The responses of the samples to pulsed excitation present
the following interesting aspects:

(1) At each temperature the decay patterns depend on the
size of the particles with increasingly greater deviation
from exponentiality for smaller particles (see Figs. 9a—
9d).

(2) The patterns that deviate from exponentiality eventually
cross the exponential pattern of the crystal. The greater
the deviation, the more distant in time is the crossing.
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A possible explanation of these experimental findings
is the existence of a large amount of O-H groups at
the surface of each particle, which, considering the stiff
O-H vibration, could provide a quenching of the lumi-
nescence and a shortening of the lifetime.

All the decay patterns of the particles of different sizes
become parallel after they cross the decay pattern of the
ions in the crystal. This behavior indicates that the ef-
fective index of refraction is lower for the nanoparticles
than for the single crystal, hence decreasing the radia-
tive decay rate, and the filling factor x is independent of
the particles’ size.

3)

5 Conclusions

This study was focused on the synthesis and characteriza-
tion of Y>03 nanophosphors doped with 1 % neodymium
(Nd3*) ions. Nanoparticles were synthesized by using the
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thermal decomposition technique and annealed at differ-
ent temperatures to control particle sizes. The synthesized
particles were structurally characterized by using X-ray
diffraction (XRD), scanning electron microscopy (SEM),
and transmission electron microscopy (TEM). The cubic
phase of the Y,0O3 was determined and the size of the parti-
cles was found to range from ~15 to 300 nm.

A series of spectroscopic measurements on a number of
these nanoparticle samples were performed. For comparison
we also characterized spectroscopically aY,Os3 crystal sam-
ple.

For each sample the emission spectrum was accurately
measured in a wide range of temperatures ranging from 30 to
300 K. The spectra consisted of the Nd>* ion’s narrow spec-
tral lines corresponding to transitions from the *F3 /2 doublet
level to the #1;; /2 and 419 /2 manifolds.

We also measured the width and the position of a well-
isolated line in the temperature range 30—700 K. The results
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Table 2 Best fit parameters («, @, Tp, and A Eg) obtained from line-
shift and line-width measurements

Particle size Line shifts Line widths

Tp o AEy > o

KI  [em™']  [em™!]  [K] [em™']
Crystal 429 22 2.46 440 95
248.2 nm 285 12 4.88 397 80
49.7 nm 263 11 5.65 360 62
40 nm 258 9.1 7.46 305.7 44
32.3 nm 207 8.3 7.88 305.5 46
27.1 nm 352 12 7.96 210 21
20.4 nm 236 5.7 8.36 109 59
16 nm 272 9.5 8.40 194 18

indicate that the residual width at low temperatures is larger
for powders with smaller particle sizes.
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Finally, measurements were performed on the decay pat-
terns of Nd>* ions following a pulsed excitation. These
measurements were conducted in the temperature range 30—
700 K. Such patterns vary considerably with the size of the
nanoparticles, so that they may be considered signatures of
these sizes. When comparing the decay patterns of the pow-
ders with the exponential decays of the Y,03:Nd3* crystal,
we found larger deviations from exponentiality for the pow-
ders of smaller particle sizes, and smaller deviations from
exponentiality at high temperatures.
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