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Herein we describe a large scale synthesis of nanosized, monoclinic Y>Oz and Y»,Oz:Eu®* with 2 mol%

Eu* ina plasma-discharge chamber. This high yield synthesis provided nanosized particles with dimensions

between 5 nm to 50 nm, which were stable during shelf life at ambient conditions for more than 6 years.
We assume that the Gibbs—Thomson effect is responsible for this unexpected high stability. Annealing at
950 °C completely transformed the monoclinic particles into the cubic phase, which was indicated by
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the photo- and cathodoluminescence emission spectra in addition to the much stronger light output.
The undoped Y,Os material was contaminated with Dy®*, which showed characteristic and rather strong
luminescence upon activation with a He—Ne laser at 632.8 nm, both at the Stokes and anti-Stokes side.

Photoluminescence, cathodoluminescence and Raman spectra of the undoped and doped monoclinic

www.rsc.org/MaterialsC

1. Introduction

Yttrium oxide (Y,03) doped with trivalent Eu** is a well-known
red emitting phosphor, which has found applications in fluores-
cent lamps and plasma display panels."* For application in
high resolution displays it was thought that small phosphors
particles would be necessary and this assumption increased
interest to produce nanometre sized Y,0;:Eu®". In the indus-
trial applications of Y,O3:Eu®*" the Y,O; host has the cubic
(C type) phase, which is stable at ambient conditions and, most
important, it has a rather high luminous efficiency when doped
with Eu®". There are three other Y,O; polymorphs, two of these
have the A- and B-type rare earth sesquioxide structures that
correspond to hexagonal and monoclinic phases respectively.
The latter monoclinic B-type phase is formed at high pressure,
whilst the hexagonal A-type structure has been reported to be
formed at 2325 °C,* which is close to the melting temperature
of Y,0; at 2410 °C. Finally, the cubic Y,O; polymorph trans-
forms to a fluorite phase with disordered oxygen vacancies at
2308 °C.° In this study we focus on the monoclinic and cubic
phases of Y,O3:Eu’’, the high temperature phases will not be
considered.
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nanocrystals were recorded and partially interpreted.

Literature on the synthesis and spectral characterisation of
monoclinic Y,0;:Eu®" is rather modest as compared to the vast
literature on the cubic structure. The synthesis of monoclinic
Y,0; at ambient pressure conditions is not obvious; mostly the
cubic phase will be obtained upon annealing powders at high
temperature. Flame spray pyrolysis has been used to prepare
nanometre-sized monoclinic Y,05:Eu®" or a mixture of the cubic
and monoclinic phases.**™° By adjusting the residence time
of the particles in the flame, Camenzind et al.® were able to
determine the structure of the particles. Short residence times
yielded small particle size with predominantly monoclinic struc-
ture. Qin et al synthesised only monoclinic material when
varying the residence time of the precursor in the flame.” Mono-
clinic Y,03:Eu®" nanometre-sized particles with approximately
10 nm in diameter were reported via different gas condensation
methods.'™* Wang et al.™® studied phase transitions in Y,Oj3
and Y,03:Eu’" as a function of pressure. Compression of cubic
Y,05:Eu®" at room temperature and medium pressure yielded
the monoclinic phase, which finally transformed into the hexa-
gonal phase at very high pressure. Decompression produced
the monoclinic phase only. Similar results for Y,05:Eu®*" were
found by Zhang et al."* by recording the photoluminescence as
a function of pressure. From these works it can be concluded
that once the monoclinic phase has been formed, it does not
automatically return to the cubic phase. A plasma coating process
for the fabrication of monoclinic undoped Y,O; thin films was
described by Gourlaouen et al."> These authors indicated that
starting from cubic Y,0; powder the yield of monoclinic Y,O; was
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about 5% at a maximum. They also described the phase transi-
tion of monoclinic Y,03 to cubic Y,O; by annealing at high
temperatures. The stability of the monoclinic phase of Y,0; at
room temperature and ambient pressure has been explained
in terms of the Gibbs-Thomson effect,'"*® which indicates
that a very high specific surface area of the nano-particles
increases the internal pressure to the same order of magnitude
as that of the pressure required for the cubic-monoclinic
transformation.

There are a number of problems encountered with the
flame spray pyrolysis and gas condensation methods to pro-
duce Y,05:Eu’* nano-particles. First, the yields are usually low.
Second, the resulting material in some cases is Y,05:Eu®’
precursor that requires heat treatment to convert to the lumine-
scent oxide: as a consequence this will cause particle growth
and sintering between particles. Finally, in most cases mixtures
of the monoclinic and cubic phases are obtained. Monoclinic
bulk Y,Oj; is not stable at ambient pressure, whereas nanometre-
sized particles seem to be stable. This raises the questions
(1) what would be the critical size to obtain stability and (2) what
happens in a powder of monoclinic Y,0;3 (doped or non-doped)
with a grain size distribution from micrometres to nanometres?
These two latter questions were also important in starting this
study. Here we describe the synthesis of discrete nanometre
sized-particles of Y,03 and Y,O3:Eu’" using a high-temperature
plasma method that provides a high product yield. The original
idea in choosing this method was to make nanometre-sized
cubic Y,0; doped with rare earth elements on a large scale. As it
turned out in the course of this work, this synthesis provided
primarily the monoclinic phase of Y,03;, which was quite
unexpected. The materials were characterised using X-ray powder
diffraction (XRD) and transmission electron microscopy (TEM),
both in stationary and scanning modes. In the case of Y,05:Eu’",
cathodoluminescence imaging was carried out and the photo-
luminescence (PL), cathodoluminescence (CL) and Raman scattering
properties were also studied.

2. Materials and methods

2.1. Materials

Starting materials, Y,0; powder and europium oxide (Absco Ltd,
Haverhill, UK, 99.99%) were used without additional purification.
The monoclinic Y,0; and Y,O3:Eu®" materials were produced
according to Intrinsiq’s patented plasma process'” by wet mixing
europium oxide and cubic yttrium oxide in a tubular mixer,
followed by drying and then a secondary crushing process to
break the materials down to sub 10 pm. This feedstock of
precursors was fed by gravity into the hot plasma (>9000 °C),
in which it vaporised and condensed to form the nanometre-
sized phosphor particles.

Typical parameters for producing about 1 kg of material
were 80 kW torch power, with 2000 1 min~" argon flow rate
to cool the materials down to suitable temperature for quality
testing and collection on a set of nano-porous stainless
steel filters, before blowing back to release and collect.
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Cubic nanometre-sized Y,0;:Eu’’, which was measured for
reference purposes only, was synthesized according to the urea
precipitation method, which has been described in detail in our

previous work.'#2°

2.2. Methods and equipment

XRD measurements were made using a Bruker D8 powder
diffractometer fitted with a Lynxeye multi-element detector
and operating in the theta-theta scan mode. The powders were
placed in an A100B3B Air tight XRD holder and the data were
recorded from 5° < 20 < 100° at 293 K. Copper radiation was
used and the emission profile calibrated using NIST 660a LaBg
line profile standard and line position was calibrated using a
corundum standard from Bruker. The line profile was analysed
with Bruker Diffrac Plus Evaluation version 13,0,0,2 and the
data were refined using Bruker’s AXS Topas version 3.0 Rietveld
refinement computer software. The background was fitted with
a Chebychev polynomial.

For the studies in the TEM copper grids coated with thin
carbon films having small holes (holey carbon films) were used
as substrates: these are transparent to the high-energy electrons.
TEM was carried out using a JEOL 2100F (Japan). The TEM was
equipped with a Vulcan™ CL detector of Gatan (USA) for imaging
and spectroscopic purposes. This system used a Czerny-Turner
spectrometer with back-illuminated CCD and a grating with
1200 lines per mm (blazed at 500 nm) for collection of CL
emission spectra. Light was collected from the sample using a
mirror above and below the sample, which enabled a solid angle
of about 5 sr, which is almost half of a sphere.

For recording CL spectra samples were mounted in two differ-
ent high vacuum chambers at a vacuum level of ~3 x 10® mbar
using Kimball Physics Inc. (USA) electron guns and associated
power supplies over the ranges of electron beam voltages of 1-5 kV
and 3-15 KV respectively. The electron guns had the ability to focus
and defocus the beam over a range of current densities. The
luminous efficiency and energy efficiency were measured with a
uniform electron beam (by defocusing) at current densities
between 1 and 10 puA cm 2. Deflection plates enabled optimum
positioning of the electron beam on the sample and a ZnO:Zn
reference. The latter being a non-charging thin film of ZnO:Zn
powder on ITO to adjust the current in the thin powder layers of
Y,0; and Y,0;:Eu’": in this way we could cope with the effect of
charging of the non-conductive Y,O; layers as explained in our
previous work.”®

Radiance and luminance of CL were measured with a
Jeti Radiometer (Spectrobos 1200, Germany) between 380
and 780 nm as described earlier.’®?° PL- and CL-spectra were
measured with a Bentham Instruments dual monochromator
system equipped with 0.37 mm slits. Emission spectra were
recorded in the range of 300 nm to 800 nm in steps of 0.2 nm.
The wavelength error of the Bentham spectrometer was esti-
mated to be £0.5 nm. Raman and laser induced fluorescence
spectra of the samples were measured with a Horiba Jobin Yvon
Labram HR monochromator by excitation with a He-Ne laser at
298 K. The wavelength error of the Labram monochromator
was smaller: about 0.2 nm.

J. Mater. Chem. C, 2016, 4, 8930-8938 | 8931
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3. Results

The nanometre-sized particles of Y,O; and Y,O3:Eu®* obtained
by high-temperature plasma synthesis were white under the
D50 lamp, similar to that of the bulk material; using 254 nm
light excitation only the europium-doped material displayed
red luminescence. Energy dispersive X-ray analysis (EDX) of
the undoped and doped samples showed some contamination
(<0.5%) of Fe and Cu, the Fe was probably from the stainless
steel rings in the reaction chamber and the origin of the Cu was
from the nozzles of the plasma discharge flame. The Eu** concen-
tration of the doped sample was about 2%. No other contamina-
tions could be detected with this technique.

Fig. 1 shows the XRD diagrams of the high-temperature plasma
synthesised Y,0; and Y,05:Eu®" nano-particles. They were
both predominantly composed of the monoclinic (B-type) phase
(89% and 93%) with some cubic (C-type) phase (11% and 7%)
when compared to a reference pattern. This composition of the
samples was calculated from the XRD graphs using Bruker’s
AXS Topas version 3.0 Rietveld refinement computer software.
The yield of monoclinic phase was much higher than that obtained
by Gourlaouen et al."® with a plasma spray gun.

The undoped and doped compounds had similar crystallite
sizes of 17.7 nm and 17.9 nm for the monoclinic phase and
30.0 nm and 45.0 nm for the cubic phase, determined by XRD
line-broadening analysis using Scherrer’s method, which is
included in the Topas software.

The TEM image in Fig. 2a represents the as-synthesised mono-
clinic Y,O3 nano-particles, which have sizes from 5 nm to 50 nm.
This agrees with the crystallite size as determined from the XRD
diagrams. Fig. 2a shows that these particles were sintered and
formed a large cluster. Since the image of the Y,0;:Eu®" particles
is essentially identical to that of the undoped particles, it will not
be reproduced here. The Scanning TEM (STEM) images shown in
Fig. 2b and c are at a smaller magnification. Recording of the
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Fig.1 XRD patterns of Y,Oz:Eu®* (a) and undoped Y,Osz (b) high-
temperature plasma synthesised nano-particles. Spectra 1: cubic phase,
spectra 2, 3: raw data and fitted XRD-diagrams; 4: difference between
spectra 2 and 3.
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Fig. 2 TEM image of monoclinic (a) YOz nano-particles, (b) STEM image
of monoclinic Y,O3:Eu®* recorded at 200 keV —170 °C, (c) panchromatic
CL image of particles shown in (b) recorded at same conditions.

panchromatic image (Fig. 2¢c) was possible by maximizing the
current in the e-beam.

Some larger particles of about 250 nm were observed to be
present in the products due to precursor oxides passing directly
through the plasma without totally evaporating to ions, presum-
ably due to being too large initially as shown in Fig. 3a. This
figure is a STEM image at 200 kV and temperature of —170 °C of
doped monoclinic material. Since the large particles differ sub-
stantially from the smaller monoclinic-phase particles shown in
Fig. 2a, we conclude that these particles are non-reacted cubic
Y,0; precursor material. A proof of this hypothesis is shown in
Fig. 3b, which is the CL spectrum of the large particle, indicated
with the red arrow in Fig. 3a, recorded with the Gatan spectro-
meter connected to the TEM. This spectrum shows only the
intrinsic blue emission of cubic Y,O; between 400 and 500 nm
upon excitation with high energetic electrons.”’ From this
spectrum it can be concluded that the large spherical particle
did not contain the Eu-dopant; routinely a strong Eu®" emission
would be observed from this sized particle. Another indication
that this particle must be cubic Y,0s; is the fact that 2% Eu** will
almost quench the intrinsic Y,0; emission.”” The mere presence
of this intrinsic emission is thus a proof that the particle is
undoped Y,O; precursor. The evidence presented in Fig. 3a
and b indicates that the composition of the synthesized samples
calculated above from the XRD-data is somewhat misleading,
because the samples contained a small quantity of non-reacted
cubic Y,0; particles. Since these precursor particles did not

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 STEM image (a) of monoclinic Y,Oz:Eu** sample at 200 keV and
—170 °C with large non-reacted cubic Y,O3 particles (one indicated by red
arrow). CL spectrum (b) of large cubic particle recorded at same conditions
with Gatan spectrometer between 400 and 650 nm.

contain Eu*’, the percentage of monoclinic Y,05:Eu®" is sub-
stantially larger than 93% as compared to cubic Y,05:Eu’". In the
discussion of Fig. 12a hereafter, we shall indicate that the per-
centage of monoclinic Y,03:Eu®" is more than 99% as compared
to cubic Y,05:Eu®" when the quantity of non-reacted precursor
material is ignored.

In Fig. 4 XRD diagrams of annealed monoclinic Y,05:Eu*
nanoparticles over the temperature range 800 °C to 1000 °C
for 60 minutes are presented. From these diffractograms the
transformation from monoclinic to cubic phase is shown to be
partial at 900 °C and complete at 1000 °C. This agrees with the
differential scanning calorimetry data published by Zhang et al.*
that indicates a phase transition from monoclinic to cubic Y,0;
between 850 °C and 950 °C. As a consequence of the annealing
treatments, an increase in crystallite size was observed: at
800 °C the crystallite size was 25.6 nm and 34.3 nm, increasing
to 48.5 nm and 42.7 nm at 900 °C for the monoclinic and
cubic phases respectively and 63.3 nm at 1000 °C for the
cubic phase.

The TEM images shown in Fig. 5a-c refer to monoclinic
Y,0;:Eu®" samples annealed at 800 °C, 900 °C and 1000 °C for
60 minutes. It can be seen that particle growth occurs with an

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 XRD patterns of monoclinic Y,Os:Eu®* plasma discharge nano-
particles after annealing at 800 °C (top), 900 °C (middle) and 1000 °C
(bottom) for 60 minutes.

Fig. 5 TEM images of Y>Oz:Eu®* samples annealed at (a) 800 °C (b) 900 °C
and (c) 1000 °C for 60 minutes.

increase in annealing temperature. After annealing above the
monoclinic to cubic phase transition temperature, which occurs
between 850 °C to 950 °C, the particles are observed to grow
considerably in size to between 25 nm to 100 nm.

The normalised PL excitation and emission spectra of the
high-temperature plasma synthesised Y,O;:Eu®* nano-particles

J. Mater. Chem. C, 2016, 4, 8930-8938 | 8933
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Fig. 6 Normalised PL excitation (monitored at 624 nm, normalised at

260 nm) and emission (excited at 260 nm, normalised at 624 nm) spectra
of monoclinic Y,Oz:Eu®* nano-particles.
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Fig. 7 PL emission spectra (excitation wavelength 254 nm) of the plasma
discharge process monoclinic Y>Oz:Eu®* nano-particles after annealing at

800 °C, 900 °C and 1000 °C for 60 minutes illustrating the phase transition
from monoclinic to cubic.

are presented in Fig. 6. The sample was excited using 260 nm
UV-light; the excitation spectrum was collected monitoring the
624 nm peak. The emission spectrum is representative of the
Eu®" ion in a monoclinic Y,0; host lattice.

A comparison of various PL emission spectra is presented in
Fig. 7 for the high-temperature plasma synthesised monoclinic
Y,0;:Eu’* nano-particles after annealing for a period of 60 minutes
at temperatures of 800 °C, 900 °C and 1000 °C. These spectra
illustrate the transition from monoclinic to cubic phase that
occurs between 850 °C and 950 °C: these spectra agree favourably
with the results represented in Fig. 4. The intensity of light emitted
under PL excitation from monoclinic Y,0;:Eu®* phosphor is
much weaker than that from a cubic Y,0;:Eu®" phosphor; this
is demonstrated by the relative intensities of the spectra shown
in Fig. 7 for identical phosphor screen weights and in Fig. 10, to
be discussed hereafter.

Fig. 8 shows the PL and CL spectra of monoclinic Y,0;:Eu’".
The PL spectrum was obtained by exciting with 260 nm

8934 | J. Mater. Chem. C, 2016, 4, 8930-8938
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Fig. 8 Cl spectrum (bottom) and PL spectrum (top) of nanosized mono-
clinic Y,03:Eu®*. The CL spectrum was recorded at 15 keV beam energy
and current density of 1 pA cm~2. Both spectra have been normalised to
unity at 624 nm, the strongest peak of the °Dg — ’F, transition manifold
of monoclinic Y,Oz:Eu®*. The arrows indicate the Dy — ’F, transition of
cubic Y,Oz:Eu®* at 611 nm, which is the only transition of the cubic phase
that can be distinguished in these spectra.

ultraviolet light. The CL spectrum refers to a sample that was
bombarded with 15 keV electrons; the current density was
1 pA em 2. The further the emission lines in the CL spectrum
are from the strong peak at 624 nm, the stronger they are as
compared to the corresponding lines in the PL spectrum. The
strong °D, — F, line of the cubic phase is the only transition of
this material that can be observed in the spectra of Fig. 8. It has
been indicated with an arrow. This transition is more clearly
visible in Fig. 12a. In Fig. 9 we have depicted the CL spectra of
nanosized cubic and monoclinic Y,0;:Eu®". Both spectra were
recorded at identical conditions: beam energy of 15 keV and
current density of 1 pA cm ™2,

The assignments of the transition manifolds that are clearly
noticeable have been indicated in Fig. 9. The wavelength
difference of corresponding transition clusters between mono-
clinic and cubic Y,05:Eu®" is small, which is to be expected for
intra-4f transitions of the Eu** ion. The table in Fig. 9 lists the
lowest energy levels (in cm ") for the indicated electronic states
of Eu®" in the two hosts. The levels for monoclinic Y,05:Eu®*

16 State | Cubic [Monoclinic|

3z 7F, 0 0

&

E 7, 199 177

5 7F, 859 994

(=

i F, | 1847 1861

2

& F, | 2669 | 2675
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£ Cubic 3 3 11 sD, | 17216 | 17265

©

2 sD, | 18930 | 18925

2 3X 2 2
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Monoclinic 1 1, D, | 24267 | 24131
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Wavelength (nm)

Fig. 9 Comparison of CL spectra of cubic and monoclinic Y,Os:Eu®*.
Spectra (1) and (2) refer to monoclinic Y203:Eu3+, while spectra (3) and (4)
refer to cubic Y,Oz:Eu®*. Spectrum (2) is three times vertically magnified
from (1) while (4) is twenty times magnified from (3). In the table the lowest
energy levels (in cm™?Y) of some 7FJ and SDJ electronic states of Eu®* in
cubic and monoclinic Y,Oz are compared.
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have been calculated from the spectra represented in Fig. 9,
while the levels for the cubic phase are from Wen et al.*>* and
Gruber et al.?® The largest difference between the cubic and
monoclinic material was found for the level of “F,: for the other
states the levels are quite similar. In spite of the similarity in
energy, the spectra of the cubic and monoclinic phase look
quite different, especially for the °D, — “F, transition manifold. In
cubic Y,05:Eu®" the peak with the strongest spectral radiance has
the lowest wavelength (611 nm), while in monoclinic Y,03:Eu’* the
peak with the strongest spectral radiance is at 624 nm, which is the
5th peak of the °D, — ’F, manifold: this can be observed more
clearly in Fig. 12a, to be discussed later. The differences in spectral
radiance between the peaks of a particular transition manifold
exemplify the sensitivity of Eu®* to the coordination: in the cubic
material Eu*" is 6-fold coordinated, whereas in monoclinic Y,05 it
is 7-fold coordinated."”

The spectra of monoclinic Y,0;:Eu®" synthesised by plasma
discharge in Fig. 8 and 9 show the D, — ’F, transition of the
cubic material at 611 nm, which is substantially larger in the
CL spectrum than in the PL spectrum. This is a spectroscopic
confirmation of the XRD-results that the high-temperature
plasma Y,0;:Eu®*" was not purely monoclinic. The first PL
spectrum of the monoclinic sample was recorded in 2009 and
the most recent in May 2015. Since there was no change in the
height of this 611 nm peak with respect to the heights of neigh-
bouring peaks, it can be concluded that the nanosized monoclinic
Y,03:Eu*" crystals with the rather small particles are stable during
shelf life at ambient conditions for a long time.

Luminance and radiance of the samples were measured with
the Jeti Radiometer upon electron bombardment between 5 and
15 kV and current density between 1 and 3 pA cm™ 2 From the
luminance the luminous efficacy can be calculated, while the
energy efficiency is calculated from the measured radiance.'®
Luminous efficacy results are presented in Fig. 10 for CL measure-
ments at electron beam energies between 1 and 15 keV. The
curve of the luminous efficacy versus beam voltage does not vary
strongly between 5 and 15 kV, indicating that at low beam
voltages monoclinic Y,O3:Eu®" is already luminescing quite
well. However, its luminous efficacy is about 25 times weaker

25
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O
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Fig. 10 Luminance (curve 1) and luminous efficacy (curve 2 and line 3) of
nanosized monoclinic Y,Os:Eu®* versus energy of the electron beam.
Current density was 1 pA cm™2. Substrate for the sample of (3) was: Al
substrate for the sample (2) was indium-tin (10%) oxide (ITO).
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at 15 kV than that of nanosized cubic Y,0;:Eu®" *® which makes
this phosphor not particularly attractive for industrial applica-
tions. The energy efficiency of the CL between 380 and 780 nm
of monoclinic Y,05:Eu®* at 15 kv is found to be 0.2%, which
20 times smaller than that of cubic Y,05:Eu*".*® Curve 2 in
Fig. 10 underpins the information presented in Fig. 7 that
the total light output increases as the structure transforms
from the monoclinic through a mixed monoclinic/cubic phase
with increasing temperature treatment and finally to a pure
cubic phase.

In Fig. 11 the CL and laser-activated spectra of undoped and
doped monoclinic Y,0; nanometre-sized particles are presented.
The laser-activated spectrum of the undoped material in Fig. 11a
shows surprisingly a strong luminescence signal at the anti-Stokes
side (543 nm) of the He-Ne laser and at the Stokes side (756 nm)
we detected also a rather strong luminescence. These two lumines-
cence clusters are assigned to Dy**, which was a contaminant
of the Y,0; starting material for the high-temperature plasma
synthesis, present in the ppm-range. As mentioned above, this
contamination could not be detected with our EDX equipment.
The CL spectrum in Fig. 11a shows Dy** transitions at 573 nm
and 485 nm. The Dy*" transitions will be discussed hereafter;
first we shall concentrate on the laser-activated spectrum of
Eu®". Since the laser-activated spectra have been recorded with
a high resolution Horiba Jobin Yvon Labram spectrometer, we
shall represent some details of the spectra shown in Fig. 11b at
larger abscissas in Fig. 12.

Spectral radiance (arb. units)
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Fig. 11 CL and laser-activated spectra of undoped monoclinic Y,Os3 (a)
and Eu*" doped monoclinic Y,Os (b). The CL spectra were recorded at
15 keV beam energy and current density of 1 pA cm~2. The He—Ne line
in (b) has been deleted.
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Fig. 12 CL and laser-activated spectra of Eu>* doped monoclinic. (a) From
570-670 nm; (b) from 680-720 nm. The CL spectra were recorded at 15 keV
beam energy and current density of 1 pA cm™2. The He—Ne line in (a) has been
deleted. Normalisation has been made towards the >Dy — ’F, peak at 624 nm.

In Fig. 12a the °Dy-'F, transition of the cubic phase at
611 nm has been indicated with an arrow. The spectral radiance
of this transition is about four times smaller than the spectral
radiance of the *Do-"F, transition of the monoclinic phase at
624 nm. From this result we can estimate the amount of cubic
phase in the sample doped with Eu®".

Let Rgy1(cubic) be the radiance of the *Dy-F, transition of the
cubic phase and Re,4(mono) the radiance of the corresponding
transition for the monoclinic phase, x be the weight fraction of
cubic phase, 1. and 7, be the energy efficiencies of the cubic and
monoclinic materials respectively and f, and f;, be the (fractional)
contributions of the 611 nm and 624 nm transitions to the
energy efficiency for the cubic and monoclinic materials respec-
tively. From the low resolution spectra recorded with the Jeti
radiometer we found that f. = 0.56 and f;,, = 0.41. This implies
that the contribution of the °D,-F, transition of the cubic
phase to the energy efficiency is 1.36 times larger than that for
the monoclinic phase. The fraction x is calculated from the
following equation

Rg11 (cubic)
Rgr4(mono)

_ et ~ 025

(1 - X)”/mf m
Since #. is 20 times larger than #,,, we get x &~ 0.9%: in other words,
the yield of monoclinic phase by the plasma discharge synthesis
is >99% when we ignore the non-reacted Y,O; precursor.

Both Fig. 8 and 12a show that only the CL spectrum of
monoclinic Y,0;:Eu’* exhibits clearly the D,~"F, transition of
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the cubic phase at 611 nm. This latter transition is much weaker
in the PL and laser-activated spectra. The excitation mechanism
for the latter two spectra is more subtle and depends strongly on
the energy of the exciting radiation. Since we had no efficiency
information for the PL and laser-activated spectra, we had to
base our yield calculation on the CL-data only.

The °D, — F, peak at 615 nm in Fig. 8 and 9 is split in the
laser-activated spectrum of Fig. 12a and consists of three peaks
at 614.6 nm, 615.4 nm and 616 nm. The laser-activated spectrum
of nanosized cubic Y,03:Eu’* was reported by Silver et al.>* They
showed that besides Stokes and anti-Stokes luminescence, excita-
tion of high-energy levels is possible through the absorption of
two laser photons. This mechanism can also explain the presence
of some (very) weak transitions in the laser-activated spectrum of
monoclinic Y,03:Eu’®" at 467 nm, 490 nm and 513 nm, which
belong to the D, — ’F; manifold of Eu*". In Fig. 12a we have
indicated the Dy®" transition in the CL spectrum at 573 nm with
an arrow.

We shall now discuss the Dy*" peaks in the laser-activated
and CL spectra of Fig. 11a and b. The anti-Stokes cluster at 543 nm
(18412 cm™ %) is attributed to the *I;s;, — ®Hjyg, electronic transi-
tion of Dy**, while the Stokes cluster at 756 nm (13224 cm™ ") is
due to *Fy, — °Hyp,. These transitions have been visualized in
Fig. 13 by the green and red downward arrows respectively.

The assignments reported here are based on the electronic
levels of Dy*" in cubic Y,03,>° which deviate slightly from the
values measured by us in monoclinic Y,0;. Only the lowest
levels of the manifolds have been represented in Fig. 13. The
excitation to the *I;5,, and *Fo, levels of Dy*" is supposed to be
controlled by the excited states absorption (ESA) process, as
explained by Silver et al.>* First the °F,, level is populated by
the He-Ne laser. The energy trickles radiationless down to the

:Gm i 23405
215/2 J/ 21910
Fora 21039
15803
) F 14005
°F 3 6Fm L 13455
52 7 12586
F, 3 11236
5H J
. 5/2 \L 10336
Hyp l 9090
SHgyy Y 7758
Hu 5948
v
Has/2 3854
6HlS/Z 0

Fig. 13 Schematic energy level diagram of cubic Y,Os:Dy** and the proposed
excitation and emission transitions. The energy levels, indicated in cm™, are
from Chang et al®®
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®Hy, and °H, 4, levels, from where it can be excited to either the
Fy,, or the *Gyy,, level by absorption of another He-Ne photon.
We consider this ESA process more likely than an alternative
route via the absorption of two He-Ne photons. The reason is
that (1) a two-photon absorption would probably lead to very
weak luminescence of Dy*" and (2) the ESA process requires
excitation of the °F,,, state, which is almost resonant with the
He-Ne laser: it should be kept in mind that only the lowest
level of the electronic states are indicated in Fig. 13. We have
checked this hypothesis by using a laser at 532 nm. When
activating the undoped monoclinic Y,0; with this laser we did
not observe the characteristic transitions at 543 nm and 756 nm
(not shown here). Hence, it can be concluded that the mecha-
nism indicated in Fig. 13 for the luminescence of the mono-
clinic Y,05:Dy*" is likely.

The CL spectrum of Fig. 11a shows different Dy*" transitions.
The peak at 573 nm (17428 cm™ ') is due to *Fo, — ®Hyzp,
while the cluster at 482 nm (20756 cm™ ') is attributed to
“Fg;, — °Hys. These latter transitions were also recorded by
Vetrone et al.*® in cubic Y,0;:Dy** with PL. The differences
between the Dy*" levels of cubic and monoclinic Y,05:Dy’" are
rather small: the energy values indicated in the diagram of
Fig. 13 refer to the lowest values of the manifolds and represent
the right-hand sides of the recorded transitions clusters. The
Dy’ peak at 573 nm has been erased in the CL spectrum
represented in Fig. 8 in order to avoid confusion, whereas it still
present in the CL spectrum of the monoclinic material in Fig. 9.

In Fig. 14 we have depicted the Raman spectrum of undoped
monoclinic Y,0;. In this figure spectrum (1) is the conven-
tional Raman spectrum at the Stokes-side of the He-Ne line.
Spectrum (2) has been derived from (1) by multiplication with
the Boltzmann factor: e ™/*7, in which # is Planck’s constant,
v is the frequency of the actual Raman line, k is Boltzmann’s
constant and T is 298 K. Spectrum 3 in Fig. 14 is the anti-Stokes
Raman spectrum. As expected, the spectra (2) and (3) are
largely identical; nevertheless, spectrum (2) and the anti-Stokes
spectrum (3) differ substantially at » < 150 cm™': the Raman
peaks at 96 cm ™', 106 cm™ " and 115 cm ™' are not observed
in the anti-Stokes spectrum. The reason for this difference is
unknown.

Cubic Monoclinic
9% B,
L‘. AreaeM\ ‘\I' AAL . 3 106 A,
115 F,
134 A
M 2

151 A,

162 FtA,

228 A,
289 A,
306 B,

377 FytAg

408 B,
411 A,
136

Intensity (arb. units)

438
q 473
506
508
615

50 150 250 350 450 550 650 750
Raman shift (cm™)

Fig. 14 Raman spectrum of undoped monoclinic Y,Os3 (1). Spectrum (2) is
derived from (1) by multiplying with the Boltzmann factor. Spectrum (3) is
the anti-Stokes Raman spectrum. The table (values in cm™) represents an
incomplete assignment of the recorded Raman spectrum (1) of Y,Os.
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In Fig. 14 we have also represented a table with an assign-
ment of the Raman lines at v < 411 cm ™. As mentioned above,
the high-temperature plasma synthesis of Y,0; did not yield
pure monoclinic material, but also some cubic crystals. Raman
lines for cubic Y,05:Eu®" are at 115 cm™*, 162 cm ™' and 377 cm ™,
as indicated by Withnall et al.>” The other Raman lines of cubic
Y,03:Eu®" detected by Withnall et al. were too weak to be observed
in our sample with only about 15% cubic material. The assign-
ment of the monoclinic Raman lines is based on the interpretation
of the Raman spectra of monoclinic Sm,03, Eu,0; and Gd,03
by Gouteron et al.’®

4. Conclusions

The main conclusions of this investigation of monoclinic Y,0;
and Y,0;:Eu®* by XRD, TEM and spectroscopy are: (1) the yield of
monoclinic phase by plasma discharge synthesis is more than 99%
if we ignore the non-reacted Y,O; precursor and (2) nanometre-
sized monoclinic material is stable during shelf life at ambient
conditions. We attribute this stability to the small particle size
(between 5 and 50 nm) of the monoclinic materials. We found that
the luminous efficiency of monoclinic Y,05:Eu®* upon electron
excitation is about 25 times less than that of the cubic material and
we observed the transition from the monoclinic phase to the cubic
phase at about 900 °C by XRD and PL. Since the starting Y,0;
material for the high-temperature plasma synthesis of monoclinic
Y,0; was contaminated with a small quantity of Dy**, we were able
to measure and interpret the laser-activated spectrum of mono-
clinic Y,05:Dy’*. Hence, this study has also shown that excitation
of inorganic crystals with a He-Ne laser provides an extremely
sensitive and specific measuring method for the spectroscopic
determination of traces of Dy’".
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