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ABSTRACT: There currently exists much debate as to the active state related to the “long
afterglow” effect in europium doped oxide materials. Redox couples that consist of Eu™?* WY

2+/3+ : . i e
and Eu”*/3* are discussed, but no common answer is currently accepted. Here, we present et
Wavelength (nm)

a comparison of the optical properties of a commercially available SrAl,0,:Eu, Dy
phosphor, as a function of nanoparticle size reduction via dry mechanical milling. X-ray
and optical spectroscopic data indicate a significant decrease in phosphorescence efficiency
and an increase in laser stimulated emission efficiency as near surface Eu*" ions are oxidized
to Eu®" as a consequence of increased exposure during the milling process. These results
show evidence only for Eu**/>* oxidation states, suggesting the mechanism related to long
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afterglow effect does not arise from Eu" species. We also suggest that size reduction, as a rule, cannot be universally applied to

improve optical properties of nanostructures.
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B INTRODUCTION

In recent years, rare earth doped particles have found wide-
spread use as phosphors in commercial products ranging from
temperature detection," structural damage sensing,” emergency
lighting, and even children’s toys.” The attractiveness of these
materials can generally be attributed to their bright long-lived
visible phosphorescence, wavelength tunability, ease of synthesis,
good chemical stability, and relative low cost. Increasingly, these
materials are being investigated for applications requiring re-
duced particle dimensions, such as in thin films for optical or
electronic devices,* or medical diagnostics.5 Recent work sug-
gests that some doped phosphors exhibit little degradation in
optical efficiency at reduced dimensions; however, the emission
mechanism in these systems is still controversial® and may be
affected by particle size.” Typically, nanoscale phosphors are
prepared by solid state reaction, vacuum deposition, or combus-
tion methods,® which can be prohibitively expensive for most
commercial applications. An alternative more cost-effective
approach involves size reduction via mechanical milling. While
this approach is not universally applicable to all nanomaterials, it
may have value for nanoparticles where the property of interest is
determined by the presence of dopant ions within the particle
and not the final particle dimensions.

In this manuscript, we present a comparison of the optical
properties of a commercially available SrAl,Oy4:Eu, Dy phosphor
before and after milling. To improve dispersity, a low cost surfac-
tant is also considered. Both X-ray and visible spectroscopic data
is presented and used to describe the observed changes in optical
efficiency. Our work suggests that size reduction leads to degradation
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of the phosphorescence and thermoluminescence of the phos-
phor but an increase in laser induced emission, providing further
insight into the emission mechanism in this system.

B EXPERIMENTAL METHODS

Sample Preparation. A 3 Ib capacity benchtop ball mill was
used to mechanically reduce the size of a commercially available
SrAl,04:Eu, Dy phosphor (United Nuclear, LumiNova G-300).
The mill was charged with ~0.31 cm diameter Alumina-silica
beads (50% total capacity) and the dry granular phosphor (25%
total capacity). Continuous milling was carried for 48 h where
~100 mg of test samples was extracted every 12 h. The samples
were sized by transmission electron microscopy (TEM) and
Dynamic Light Scattering (DLS, Zetasizer Nano) in water (data
not shown). The milled samples exhibited a dramatic increase in
solution stability with only minimal settling in 6 h. This proce-
dure resulted in an apparent reduction in diameter from >1000 nm
(volume weighted) to 150 nm after 12 h. For longer milling
times, DLS data indicated a small increase in size, which, by
analysis of TEM data, was attributed to aggregation of smaller
particles. In a second trial, polyethylene glycol (MW 20 000) was
added (S wt % of phosphor) to improve particle dispersity during
both the milling and sizing procedures. The resulting particles
showed only a small additional decrease in size after 12 h,
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Figure 1. Powder X-ray diffraction measurements for the (a) original,
(b) dry milled, and (c) PEG milled samples alongside the calculated
peak intensities based on PDF card 04-010-5403 (bottom trace). The

data in both panels are equivalent, with (B) plotting an expanded region
to make peak shifts visible. Spectra are offset for clarity.

reaching a limiting diameter of around 150 nm. Solution stability
was further increased in these samples.

Characterization. X-ray Diffraction. Nanoparticle structure
was studied using X-ray diffraction (XRD) by 6—26 scans with
Cu Ka radiation using line focus on a PANalytical X'PertPro
Diffractometer (Figure 1). In all the samples studied, the XRD
peaks were well indexed to single phase monoclinic SrAl,O,
(PDE# 04-010-5403).

Synchrotron Methods. Soft X-ray absorption near edge spec-
troscopy (SXANES) was performed at beamline 8-2 at the
Stanford Synchrotron Radiation Lightsource (SSRL), Stanford
Linear Accelerator Center. Powders were affixed to carbon tape
and inserted into an ultrahigh vacuum chamber. SXANES experi-
mental measurements were taken at base pressures of less than
5 x 10~ Torr. SXANES experiments were conducted using the
total electron yield (TEY) detection method where the total photo-
current is measured as the photon energy is scanned through the
absorption edges. The experimental energy resolution was ~0.10—
0.20 eV for the various edges (O, K; Eu, My 5; Dy, My 5) studied
in this letter. For the hard X-ray measurements, both X-ray
absorption near edge spectroscopy and extended X-ray absorp-
tion fine structure were analyzed. X-ray absorption fine structure
(XAFS) spectroscopy was performed at beamline 10-2 at the
SSRL using Si(220) crystals detuned about 30%; a slit height of
2 mm was used. Powder samples were mounted on 5 X 10 mm
pieces of Kapton tape. Eu L;-edge XAFS spectra were collected
at room temperature in partial fluorescence mode using a 13-
element Ge detector to collect Eu L fluorescence photons.
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Figure 2. (A) O K-edge, (B) Dy Ms-edge, and (C)/(D) Eu M;s-edge
XAFS of the as purchased (black) and 48 h dry milled (gray) samples.
The bottom two traces in (D) are multiplet simulations of the Eu”* and
Eu’", respectively. Some spectra are offset for clarity.

I was monitored using a nitrogen filled ionization chamber. An
Eu foil was placed after the sample for energy calibration.
Optical Methods. For optical characterization, an equivalent
mass (0.15 g) of the as purchased and 48 h milled samples was
placed in a welled slide and capped with a standard coverslip.
Samples were stored overnight, in the dark,” in a —80 °C freezer
prior to characterization to ensure complete thermal deactivation
consistent with previously reported methods.'® Luminescence
was generated under laser (473, 632 nm) or thermal excitation. A
home-built confocal microscope equipped with a 0.85 NA air
objective was used for optical excitation and signal collection.
The resulting emission was directed to a 1/4 m spectrometer
(Acton Instruments) and liquid nitrogen cooled CCD camera
(Princeton Instruments, SPEC-10). Excitation power (6 mW)
was held fixed for all samples at each wavelength, and spectra
were similarly collected over constant integration periods. Phos-
phorescence spectra (10 s integration) were collected every 10's
for 1 h following a 10 s exposure to 473 nm radiation (6 mW).
For photothermal emission, a software controlled hot plate was
used to provide a well determined temperature ramp (~1 °C
per second). Photothermal emission was collected via an optical
fiber (Thorlabs, AFS105/125Y) placed in direct contact with the
sample coverslip and directed to an avalanche photodiode
module (EGG, SPCM). Total temperature dependent emission
was determined by integrating each time sampled spectrum.

B RESULTS AND DISCUSSION

As observed in Figure 1A, the structure of the doped SrAl, O,
is not strongly affected with milling; indeed, the monoclinic
phase that occurs is the undoped material, present in all stages of
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Figure 3. Eu Lj-edge (A) hard XANES, (B) k>-weighted y (k) EXAFS,
and (C) Fourier transforms (not phase shift corrected) of the EXAFS for
the (i) as prepared, (ii) dry milled, and (iii) PEG milled samples. The
black dashed lines in (A) are described in the text. The bottom trace in
(C) is the theoretical FT EXAFS of Eu:SrALO,,. All spectra are offset for
clarity.

the nanosized doped material. The large scale of Figure 1A,
however, obscures any small changes that may occur in peak
positions. Plotted in Figure 1B is an expanded region of the data
in Figure 1A; notably, this expanded region encompasses peak
indices of (004), (222), and (—203). The relationship between
lattice plane spacing and lattice parameters for a monoclinic
lattice is

11 h_2+kzsin2ﬁ+E72hlcosﬁ
2 sin? B\ a2 b? 2 ac

For the {(004) peak, only the ¢ parameter contributes to the
lattice spacing while the other peaks have contributions from the
other lattice parameters. Most notably, the (—203) peak exhibits
a decrease in d-spacing with milling; this implies that the a lattice
parameter changes as the particle size is reduced during the
milling process. This suggests a reduction in bond length occurs
in these materials (see EXAFS results, Figure 3).

Oxygen K-edge, Dy M;-edge, and Eu Ms-edge SXANES are
presented in Figure 2A,B,C/D, respectively. The O K-edge X-ray
spectra for the as purchased and dry milled samples, in general,
look similar, suggesting the local oxygen environment is not
strongly affected with milling. The spectral features resemble
those found in strontium oxide based materials'' and do not
agree with published O K—edge SXANES data for aluminum
oxide,'? europium oxide,"® or lanthanum oxide."* Interestingly,
however, we observe a shift in the pre-edge peak of ~0.4 eV with
milling. The pre-edge peak represents transitions from O ls
states to O 2p antibonding states hybridized with Eu 4f states."

A shift of ~0.4 eV has been observed in the O K-edge XAS for
EuFeO; when compared to SmFeOs3. This energy shift occurs
because the electronic configuration of Sm is such that it contains
one less f electron than Eu. Similar behavior is more than likely
occurrmg in our materials. During milling, we observe an increase
in Eu’" species, especially on the surface (vida infra). As our
spectroscopy is sensitive to the surface, a shift in ~0.4 eV is
consistent with “oxidation” of the Eu. The change in intensity
may be simply due to a size effect due to changes in the multiple
scattering processes.

The Dy and Eu Ms-edge data suggest that the codopant Dy
exists in the 3+ oxidation state* while the Eu atoms exist in a
mixed 2+/3+ ox1dat10n state, agreeing with other reports on
similar materials.*'® The fine structure in the Eu Ms-edge has
been shown to provide a spectroscopic signature of Eu”" and
Eu’"."7 As the particles undergo a dry milling process [gray trace,
Figure 2C], a decrease in the amount of Eu”" is observed. As this
data is taken with the total electron yield detection method, we
expect some level of surface sensitivity to exist in our data. There-
fore, the data suggests a surface layer (on the order of 10 nm) that
is rich in Eu®. For quantification of the ratio between the
oxidation states of Eu (Eu3+/ Eu®), multiplet simulations using
the CTM4XAS program'® were performed (bottom traces,
Figure 2D). A “best fit” to the Eu Ms-edge data is achieved as-
suming a linear combination of the theoretical Eu**/?* compo-
nents. In our analysis, we assume the photoionization cross sec-
tions do not change between Eu** and Eu** which allows us to
interpret the peak integrated area ratios as the valence ratios.
Prior literature'” suggests that XAS derived peak ratios agree
quantitatively with Eu oxidation state ratlos obtalned via other
analytical methods. As seen by eye, the Eu** component dec-
reases with milling. This data indicates a Eu®'/BEu®" of ~75%)/
25% and ~85%/15% (£5%), for the as purchased and dry milled
samples, respectively. We note, however, that any changes in the
photoionization cross sections would affect the derived values
equally, as the Eu cross section could be a bit larger,”
suggesting the Eu®* component could be slightly overestimated
in our analysis. It should be noted, however, that any small
differences in photoionization cross section could not account
for any changes in our conclus1ons, as the surface will still be
populated primarily with Eu**

As the SXANES experiments are sensitive to the surface, we
used Eu L;-edge HXANES measurements to investigate the bulk
electronic structure of these materials. The Eu L;-edge HXANES
is plotted in Figure 3A and, like the soft X-ray experiments,
suggests a mixed Eu”*/** oxidation state. Unlike the SXANES,
however, the HXANES, which are recorded in the partial fluo-
rescence yield (PFY) mode, indicates a predominance of Eu**
over the Eu* species. Using a data reduction method of an arc-
tangent functlon to represent free election contribution to the
line shape,”" two Gauss1an peaks were used to deconvolute the
fraction of Eu** and Eu®" present in the system (Figure 3A).

Using this method, we obtain a valence state population of
~80% for Eu** and 20% for Eu®" with this ratio not changing
with milling (within experimental error). As the PFY technique is
sensitive to the bulk, our combined XAFS measurements suggest
that the particles are predominately Eu*", with a surface rich Eu**
layer. The extended XAFS (EXAFS) region (Figure 3B) is
extracted from Figure 3A using the ATHENA software pack-
age.”” We note that, although the data is n01sy, we can observe
scattering contributions out to k ~ 10 A~ for the as purchased
sample. Following milling, a reduction in EXAFS oscillations is
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Figure 4. Comparison of (A) phosphorescence spectra and (B) integrated thermoluminescence versus sample temperature for the as purchased (black)
and 48 h milled (gray) samples. Laser stimulated emission spectra, of the same samples, under continuous (C) 632 nm and (D) 473 nm excitation.

observed, likely to chan§es in the Deybe-Waller factors as the
particle size is reduced.”

The Fourier transform (FT) of the EXAFS signal (2 < k <
10 A7) is plotted in Figure 3C and represents a pseudoradial
function that allows determination of the backscattering atoms
(i.e., nearest neighbors). The first scattering contribution at ~2 A
is from O atoms, consistent with EXAFS results on Eu,05.>* The
second scattering contribution at ~2.7 A is due to scattering from
Al atoms. This assignment is consistent with reported EXAFS
derived R values for rare earth/aluminum alloys>> and most likely
excludes Eu—Eu scattering events as it has been shown that these
contributions occur at R > 3.5 A.>** To fully understand the
EXAFS results, we _?erformed XAFS calculations using the ab
initio code FEFF9.>” For the calculations, a FEFF input file was
created using the SrAl,O, crystal structure with Sr as the
absorbing atom. We then modified the FEFF input file with Eu
as the absorbing atom, leaving all the other structural parameters
the same. After the calculation, the theoretical spectrum was im-
ported into the ATHENA program and followed the same
data reduction parameters as performed on the experimental
samples. The FT EXAFS of the theoretical spectrum is plotted
in Figure 3C (bottom trace). The overlap between experimental
spectrum for the as purchased sample and theory is very good,
suggesting the local environment is not strongly affected by
milling. Upon milling, we see a shift to lower R in the FT EXAFS
for the first shell contributor of oxygen, a result consistent with
the XRD data which suggests a milling induced reduction in
lattice parameters (Figure 1B). Our combined XAFS and XRD
results provide a good chemical and structural model for our
system: Eu ions substitute for Sr sites in the monoclinic SrAl,O,
lattice, do not cluster, and exist in a dual oxidation state, with the
Eu’" located near the surface of the nanoparticle. Upon milling,
we see a reduction in average nanoparticle size, an increase in
Eu’" species, and a reduction in lattice parameters.

For optical characterization, equivalent masses of the as
purchased and 48 h milled samples were compared. Consistent
with previously reported results, the phosphorescence spectra for
both the milled and as purchased samples indicates broad green
emission as shown in Figure 4A where the phosphorescence

3485

spectra collected after 1 min following optical excitation are
compared. The decay indicates a persistent reduced phospho-
rescence emission for the milled samples (decay curve not shown).
This decrease in the total emission of the milled samples can be
attributed to an increased Eu®* /Eu®* ratio, caused by oxidation of
Eu’" during the milling process, as described by the XAFS results
above. Interestingly, no apparent blue shift in the phosphores-
cence spectrum is observed for the ~150 nm milled particles,
indicating a minimal effect on the oxidation state or the electronic
energy levels of the codoped Dy’* ions, which are thought to
act as long-lived hole traps resulting in long afterglow in this
system,”® a result consistent with the SXANES analysis (Figure 2B).
This is further evidenced by the conserved thermoluminescence
behavior (Figure 4B), which exhibits a proportional decrease in
signal, but no change in line shape. We note that, although Dy”*
is generally thought to act as an electronic trap, in certain condi-
tions Dy" has been shown to act as a hole trap.”’ As our syn-
thesized materials resemble those found in ref 29, we invoke a
hole trapping mechanism, although we do note that our data does
not exclusively point to such a mechanism.

While the phosphorescence and thermoluminescence data
indicates an approximately 50% decrease in emission efficiency,
the emission due to continuous laser stimulation at both 473 nm
(continuous wave diode pumped solid laser) and 632 nm
(continuous wave He—Ne), shown in Figure 4B,C, respectively,
exhibits an increase in efficiency for the milled samples. While the
specific mechanism for the strong short-lived visible emission
(fluorescence) is still being investigated, it also appears to be
commensurate with the relative abundance of Eu>*, as indicated
by the visible atomic absorption lines in the long wavelength
spectrum (Figure 4C),** though accurate assignment of Eu peaks
is tenuous in this matrix.

In conclusion, we present here a compositional and lumi-
nescence comparison of as purchased and mechanically milled
SrAl,O4:Eu, Dy phosphor particles. While size reduction did
result in improved solution stability, a nearly 50% decrease in
phosphorescence and thermoluminescence yield resulted when
nanoparticle dimensions were reduced to 150 nm. This indicates
that sensible limits for size reduction by the milling technique
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must be considered for this system to remain effective as a
phosphor. Also, the presence of only Eu>" and Eu®* oxidation
states suggest that the mechanism for phosphorescence of these
materials is governed by Eu”*/?" redox complexes, versus
participation of Eu* species.® Interestingly, a sizable increase in
stimulated emission was observed for the milled samples. This
suggests that this material system may have further interest in
solid state fluorescence applications.
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