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1. General Introduction

In this review we discuss two spectroscopic tech-
niques that are very sensitive to low concentrations
of activators (or in some cases quenchers) in phosphor
lattices. A combination of Mdssbauer and laser Ra-
man spectroscopic techniques can give information
on the valence state, spin state (where relevant),
electronic environment, coordination number, crys-
tallographic site, and emission spectra (both Stokes
and anti-Stokes) of a range of important activators
in phosphor materials, and can even tell if more than
one valence state is present.

We will first review the phosphor literature of each
of these spectroscopies separately, indicating both
what has been done and what opportunities are
available for future research.

In the final section we will illustrate what can be
achieved by using both techniques on the same
materials.
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2. Mossbauer Spectroscopy

2.1. Historical Background

Rudolf Mossbauer? discovered the phenomenon of
recoil-free nuclear resonance fluorescence some 45
years ago, and it is over 40 years since Kistner and
Sunyar?® reported the first indications of hyperfine
interactions in a chemical compound. Mdssbauer
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spectroscopy has matured into a useful laboratory
technique that, although not universally available,
through collaboration is widely used in the study of
chemical, metallurgical, geochemical, industrial, and
biological materials. However, the use made of this
powerful technique by phosphor chemists has been
rather limited, so it is hoped that this review will
stimulate its use in this field.

Many books and reviews have discussed the basic
principles of the technique and related the origin and
derivation of the hyperfine interactions that can be
used to derive chemical information from Mdssbauer
spectra. In this review the authors will therefore not
cover any of the above details but simply refer the
reader to a number of the many textbooks on the
subject.*"12

There have been, over the years since its discovery,
many papers devoted to the study of many of the
lattices used as host lattices (by phosphor chemists)
for reasons other than phosphor research. For this
reason the background research and Madssbauer
spectra are often already in the literature. Indeed,
in the case of europium compounds, a large number
of materials relevant to the preparation and manu-
facture of phosphors were already well studied within
the first few years of the development of the tech-
nique. It is the purpose of this section of the review
not to try to list all of these works but to give an
overview of the major work carried out on the more
commonly available elements to which Mdssbauer
spectroscopy can be routinely applied and that have
relevance to phosphor research. These elements are
iron, gold, europium, tin, and antimony. Less com-
monly available elements that have been shown to
be amenable to Mdssbauer spectroscopic investiga-
tion include zinc, gadolinium, dysprosium, erbium,
and thulium.

The hyperfine parameters that will be concentrated
herein are the chemical isomer shift (6) and the
quadrupole splitting (AEg). The former provides
information about s electron density at the nucleus
and the latter details of the asymmetry of the
electronic environment around the Mdssbauer atom.
In addition, magnetic relaxation effects will be shown
to be useful to follow diffusion of phosphor activators
in lattices.

The fact that, for lattices that are appreciably ionic,
a reasonable Mdssbauer spectrum for metals that are
present around ca. 1.0% or greater would be expected
means that, for most activators that are Mossbauer
active, the 6 value should be indicative of valence
state. This is particularly true for oxide, fluoride, or
oxyhalide lattices, which for transition metals will
cause high-spin environments. For main block ele-
ments and rare-earth elements, it would be expected
that the 6 value would easily give the valence state.
The valence states of elements can be very important,
as transition elements that have partly filled d
electron shells (other than Mn?*, Fe3"), i.e., Ti%*, V3t
Cr3t, Fe?", Co?", Ni’t, and Cu?" (all known as
guenchers or activators (for some of them) of lumi-
nescence), cannot undergo an excitation transition
because of ground-state coupling to the local phonon
modes, which results in the emission of infrared
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radiation.*® Hence, to be able to tell the difference
between the presence of high-spin iron(l11) and high-
spin iron(ll) (the former can be an activator) is
important, as the latter can dissipate excitation
energy to the lattice by phonon processes.

The next section details some of the more com-
monly available Mdssbauer isotopes, with comments
on studies or potential studies of possible interest to
phosphor chemists.

2.2. lron

2.2.1. Introduction

The ease of measurement of 5’Fe Mossbauer spec-
tra (14.41 keV gamma energy) has resulted in very
widespread use of this technique to probe iron-
containing solid-state materials. 5’Fe has a natural
abundance of 2%, and this is usually good enough to
study normal iron compounds. However, where iron
is present in very small amounts, such as in biological
materials or in phosphors, where it is used as an
activator or a Killer, it may be necessary to prepare
the sample with 96% 5’Fe-enriched iron to facilitate
Mossbauer investigations.

2.2.2. Principles and Properties of >’Fe Mossbauer
Spectroscopy

5"Fe Mossbauer spectroscopy is a marvelous method
to probe and investigate the stereochemistry of and
bonding in inorganic iron compounds in the solid
state. The source used for °’Fe is 5’Co (the half-life
of 270 days is conveniently large). The %’Co is usually
embedded in a metal matrix such as rhodium or
platinum by electrolytic deposition and subsequent
diffusion by annealing. The 5’Co is manufactured by
the (d,n) reaction on %Fe (91.5% abundant in natural
iron) in a cyclotron. The gamma energy is relatively
low so that recoil effects are small. Thus, the Mdss-
bauer spectra of iron-containing phosphors should be
able to be recorded easily in the temperature range
of 0—400 K or even at higher temperatures (so long
as 90% or better enriched 5’Fe is used in the phosphor
preparation).

The nuclear spin states of >’Fe are '/, (ground state)
and 3/, (excited state); thus, the Méssbauer spectra
manifest quadrupole-split doublets or simple singlets.
The natural line width of 5Fe is about 0.19 mm s 1,
which facilitates ready resolution.

The magnetic moments of the two states are of
suitable magnitude so as to allow the use of magnetic
perturbation methods for the determination of the
sign of the field gradient, should it be required. For
most purposes the two most important Mdssbauer
parameters for iron are the d and AEq values. 5'Fe 6
values are usually quoted relative to natural iron.

2.2.3. Chemical Properties

Chemical isomer shift (6) values are dependent on
the s electron density at the iron nucleus relative to
a reference material (usually natural Fe). As the s
electron density in the iron nucleus is related to the
valence shell of the atom, then factors that effect the
latter will also influence the former. Therefore, p and
d electron shielding will directly affect the 6 value.
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Table 1. M8ssbauer Parameters for Octahedral
High-Spin Iron(l11) Halides and Oxides

TK) o(mmsH2  AEg(mms™?t)  ref

FeF; 296.5 0.489 14
FeF3-3H,0 rt 0.445 1.48 15
FeCls rt 0.436 16
FeCls-6H,0 300 0.45 0.97 16
FeBrs 78 0.55 17
KsFeFg rt 0.42 0.38 15
a-Fe,03 298 0.38 0.12 18
y-Fe,03 rt { 8?& } 19

a2 Relative to natural Fe.

Table 2. Mssbauer Parameters for Octahedral
High-Spin Iron(ll) Halides and Oxides

T(K) o(mms?t)@  AEqg(mmst) ref

FeF, 298 1.37 2.79 20
KFeF3 rt 1.33 0.0 21
KFeF; rt 1.30 0.0 22
FeCl, 78 10.97 0.895 23
FeCl,-H,0 rt 1.13 2.03 24
FeCl,-2H,0 298 1.03 2.50 25
FeCl,-4H,0 rt 1.221 2.984 26
FeBr; 78 1.34 1.043 23
FeBr,-H,0 rt 1.14 2.49 24
FeBr,-4H,0 rt 1.22 2.83 24
Fel, 78 0.802 0.93 23
0.91 0.46

2 Relative to natural Fe.

The values of some high-spin iron(l11) halides4~"
and oxides'®® that fall in the range 0.27—0.55 mm
s~1 are given in Table 1, whereas those of high-spin
iron(l1) are in the range 0.8—1.4 mm s~! and are
presented in Table 2.20-27 Clearly, it is easy to
distinguish between these valence states, and impu-
rities of iron(11) in iron(l11)-activated phosphors could
easily be identified. In addition, iron(ll) AEq values
tend to be much larger than those of similar iron-
(1) compounds.

2.2.4. Studies on Fe3*-Containing Phosphors

A recent 5’Mdossbauer spectroscopic study of the
infrared-emitting phosphor LiAlO,:Fe (prepared with
0.1 mol % 5’Fe) was used to show how the final
annealing of the sample led to a more even distribu-
tion of the Fe3" activator.?® This was seen by compar-
ing the paramagnetic relaxation spectra before and
after final annealing. The final spectrum showed
evidence of increased magnetic dilution. The sample
at this stage also manifested an increase in the
photoluminescence efficiency. It is believed that this
is the first time a more homogeneous activator
distribution (proven from the Mdssbauer spectra) has
been shown to improve luminescence directly. That
is, instead of the improvement of homogeneity of
activator distribution being inferred from the in-
crease in emission efficiency.?®

2.3. Gold

2.3.1. Introduction

The high gamma energy of %’Au (77.3 keV) leads
to low recoil-free fractions, and it is therefore usual



2836 Chemical Reviews, 2004, Vol. 104, No. 6

to immerse both the source and the absorber in liquid
nitrogen. When recording Mdossbauer spectrum at
such temperatures, it must be realized that the
structures can undergo phase changes between 4.2
K and room temperature. This means that informa-
tion gained from Mdssbauer parameters taken at 4.2
K may not be directly relevant to phosphor behavior
at room temperature.

2.3.2. Principles and Properties of 7Au Méssbauer
Spectroscopy

The Mossbauer-active isotope of gold is °’Au, which
has a 100% natural abundance. The spin states of
197Au are %/, (ground state) and Y/, (excited state);
therefore, Méssbauer spectra are simple quadrupole
doublets. The natural line width is 0.94 mm s, This
leads to experimental line widths (source and ab-
sorber) of about 1.9 mm s™%, and as the ranges of ¢
and AEq values are large, the spectra are therefore
well resolved.

However, magnetic splittings for °’Au are small
compared to the line width, and massive fields (of
around 100 T) are necessary if good spectra are
required. Clearly such fields are beyond the range of
most laboratory magnets.

Sources for °’Au are usually natural or enriched
platinum foils, which can be irradiated in a nuclear
reactor and turned into useable sources. /Pt has a
half-life of 18 h, and this means sources can be used
for 4—5 days and then reactivated as needed.

2.3.3. Chemical Properties

The o values for °”Au have been shown to be very
sensitive to chemical environment, and they are
usually referenced to elemental gold.?®

Au(l) is the only oxidation state of Au that can be
used as an activator in phosphors. Au(ll) would be
expected to act as a quencher of luminescence if it
could be stabilized in phosphor lattices, as would
Au(ll).

Although many compounds have empirical formu-
las that might be expected to be Au(ll) compounds,
they are in fact mixed-valence systems involving
Au(l) and Au(l11).2° In other examples, the presence
of metal—metal bonding increases the effective co-
valency of the gold to 3+.2° Recently asymmetric
mono- and dications of Au(ll) organometallic com-
plexes have been reported,® but there has been no
finding of this valence state in oxide, halide, or sulfide
lattices. Hence, in this work we will consider only
Au(l).

In the Au(l) oxidation state, the gold atoms have a
5d'° electron configuration; thus, no problems arise
from nonbonding electrons. In Au(l) coordination
compounds, the usual stereochemistry is linear (two-
coordinate Au atoms), but instances of three and four
coordination have been reported.® The different
coordination numbers are easily distinguished from
the Mdssbauer parameters.

Parish and co-workers??32-34 along with others3>:36
have shown good correlations between ¢ and AEq
values for Au(l) compounds in different coordination
environments,?® building on earlier findings.37—39
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Table 3. 5'Eu Mdssbauer Parameters for (a) Eu®* and
(b) Eu?* Halides and Oxides

(a) Eu®t Halides and Oxides

Eu®T compound T (K) 0 (mms™1)2 ref
EuF; rt 0 (standard) 40
EuCls rt +0.08(9) 40, 41
EuBr; rt +0.31(5) 40
Euls rt +0.31(4) 40
EuOF rt —0.35(2) 40
EuOCI rt —0.06(4) 40
Eu,O;3 (cubic) rt +1.037 40, 42, 43
(b) Eu?* Halides and Oxides
Eu?" compound T (K) o (mm s™1)2 ref
EuF, rt —14.00 40, 44—46
EuCl, rt —13.103 40, 47—-49
EuBr; rt —13.43 40, 45
Eul; rt —12.50 46—48, 50
EuO rt —12.28 40, 47, 51

2 Relative to EuFs.

There have as yet been no studies using °’Au
Mossbauer spectroscopy specifically aimed at phos-
phor materials.

2.4. Europium

2.4.1. Introduction

Europium has two isotopes that can be used for
Mossbauer spectroscopy: 'Eu (47.8%) and 5°Eu
(52.18%). However, the energy of the Mdssbauer
y-ray for 15'Eu is 21.54 keV, and it is therefore more
convenient to use this isotope. It is apparent in Table
3 that there are large differences between the 6
values of Eu?" and Eu®" compounds; thus, these
oxidation states are easy to assign.*—51

2.4.2. Principles and Properties of >1Eu Mosshauer
Spectroscopy

The gamma energy in *Eu Mdssbauer spectros-
copy is 21.54 keV, and the transition takes place
between %/, (ground-state nuclear spin) and 7/, (excited-
state nuclear spin). The source is **1Sm (its half-life
is 90 y). 151SmF; has a good recoil-free fraction, 0.485
at 300 K, and a small line width, 2.52 mm s7%.#2 This
makes it a convenient source. Europium ¢ values
measurements are usually referenced to Eu,O3 or
EuFs;, but the latter are now preferred. The difference
between the 6 values of Eu,0O3; and EuF; is 1.037 +
0.013 mm s for the 6 value of cubic Eu,O3 relative
to EuF3.4052 All shifts given in Table 3 are converted
by adding 1.037 mm s~! to the original data; this
table summarizes the evaluation of the literature
data for the given references.*0-5!

2.4.3. Chemical Properties

It is difficult, however, to measure AEq values in
Eu compounds due to the electronic configurations
of Eu®t and Eu?*. For Eu®" the configuration is 48,
which has a ground state of ’F, which has a zero total
angular momentum. In the case of the Eu?" ion, a
4f7 half-filled shell is found for the ion in its 8S;;
ground state, which does not generate a valence
electron contribution to the electric field gradient.
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Hence, any AEq value for Eu®" and Eu?t compounds
can only arise from the lattice contributions to the
electric field gradients and consequently would be
expected to be small. In fact, any AEq values that
occur are observed only as a slight broadening of the
resonance line, and analysis is defied because of the
large number of lines from the 5/, 7/, nucleus spin
states. The presence of small AEq values may gener-
ate small errors in the 6 values if the envelope is
fitted as a single line.

Europium is used as an activator for phosphors in
both the Eu®" and Eu?* valence states. The former
is usually used to produce a red phosphor, as in the
television phosphors Y,0s:Eu*, Y,0,S:Eu®t, and
YVO,Eu®t, whereas Eu?t is often used to produce
green or blue phosphors. Hence, knowledge of which
valence states of Eu are present in a phosphor can
be very important. For instance, the presence of Eu3*
in an Eu?t phosphor may lead to loss of excitation
energy via undesired side reactions or emission.

A wide range of ternary and complex europium
oxide lattices have been studied, and thus there is
much Mossbauer spectroscopy literature with which
similar studies on phosphor materials could be
compared. Among the lattice types studied
are perovskites,>7 pyrochlores,®%? garnets,53-66
bronzes,®”~7 and others.”~74

2.4.4. Studies on Eu®*-Containing Phosphors

The concentration-dependent site occupancy of the
phosphor Y,;WQOg:Eu has been studied using 'Eu
Mossbauer spectroscopy.” From the crystal struc-
ture’®’” it was established that there are three
nonequivalent sites present. By assuming that the
Eu®t in Y,WOg was scattered in these three sites, the
Mossbauer spectra were fitted at first by constraining
the sites and then letting them vary. Small differ-
ences in the covalency for the three sites are sug-
gested from the observed 6 values. It was shown that
the relative occupancy of one of the sites was strongly
dependent on the Eu®" concentration.”

The possibility of using Mdssbauer spectroscopy to
investigate Eu?*- and Eu’t-activated phosphors to
study the valence state of the activator and its
position in the crystal lattice was reported in 1980.78
The Eu®* phosphors studied included (Y;1-xEux),03
and (Y1-xEu,)(V1-yPy)Oa. The 6 values were shown to
have a good correlation with lattice type. The 6 values
of the Eu®' in Y,03 are higher by 0.7—0.8 mm s
than those containing vanadate and phosphate. The
Eu®* is in six coordination in the former compound
and in eight coordination in the latter case.

When BaggEug1MgAl;;0,9 was prepared at 1500
°C in air, it contained only Eu®*. The isomer shift of
the Eu®t was less in the aluminate host than in either
Y203 or (Y1-xEu)(W1-yPy)O.. This was interpreted to
mean that the electron density at the nucleus of Eu*
is less in the ferrite-type structure than in the cubic
or tetragonal structure. When BaggEug1MgAl;;019
was fired in a partial atmosphere of hydrogen, it was
found that the atomic ratio of Mg and Eu in the
samples has an effect on the Eu?":Eu®* ratio.”® The
preliminary data reported in this paper show the
direction of further experiments and the possibility
to examine the details of the incorporation processes.
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The structure, luminescence, and Mdssbauer spec-
tra of EuVO, in the Scheelite and zircon phases have
been reported.” The Scheelite phase was stabilized
by a high-pressure, high-temperature method and
was transformed into a stable zircon phase by an
annealing treatment in air. Scheelite EuvVO, mani-
fested strong emission at 617 nm (associated with the
5Do—"F, transition of Eu®*). The Mdssbauer param-
eters for this phase were 6 = —0.55 + 0.01 mm s
and AEq = —8.0 + 0.3 mm s, whereas those for the
zircon phases are 6 = —0.06 + 0.02 mm s ! and AEq
= —8.6 & 0.3 mm s~*. The lower d value recorded for
the Scheelite phase is ascribed to a reduced covalency
in the Eu—O0 bond originating from a charge transfer
from oxygen to Eus™; this caused an enhanced shield-
ing of 4f electrons in the s orbital as well as a
decrease in s electron density around the Eu3*
nucleus.” We note that, unfortunately, this material
cannot be described as a useful phosphor as too much
Eu is present, but it does open the way for similar
studies in Y1_xEuVO,.

For the phosphor BaFBr:Eu, Mdssbauer spectro-
scopic studies have shown that the coupling of
phonons to the Eu?* ion is greater than that between
Eu®" and phonons.t® The study also indicates a
temperature-dependent electron exchange between
Eu?t and Eu®t sites in the BaFBr lattice.®

The Mdossbauer spectra of a TiO,:Eu sample con-
taining 4 mol % Eu calcined over a range of temper-
atures from 300 to 1000 °C have been reported.?®
There is evidence from the line widths that the
samples contain Eu®* in more than one electronic
environment. The temperature dependence of the line
width was linked to the titania phases present in the
X-ray powder diffraction data for each calcined
sample. At 500 °C both brookite and anatase were
present, but at higher temperatures the amount of
brookite decreased, as did the halfwidth in the
Mdossbauer spectra. At 1000 °C the sample was pure
rutile, the Mossbauer spectroscopic data showed a
lower isomer shift, and a wider line width indicated
more than one Eu®" site in the lattice.?8

The phosphor BaMgAl;0017:Eu?t (BAM) is of cur-
rent importance because of its use as the blue
phosphor in fluorescent lamps and plasma television
(TV). It has been stated that BAM:Eu?" degrades
more rapidly due to oxidation of Eu?* from heat
treatment in air during lamp processing.8 This
phosphor has been shown to deteriorate in plasma
TVs, and increasing its maintenance would be a
considerable advance.?? A recent study of BAM using
1EU Mossbauer spectroscopy (at 4.2 K) has revealed
a number of interesting findings.®® The phosphor
investigated contained about 10% Eu?" in place of
Ba?*. The Mossbauer line shapes are reported to rule
out a single substitutional site in BAM (though only
one Ba site is reported in the crystal structure and
the Eu?' cations are thought to substitute on these
sites). It is suggested that the line broadening
observed could be either quadrupolar or magnetic in
origin. However, the authors favor a quadrupolar
interaction that fits to five Eu sites. They report three
Eu?T sites (see Table 4), an Eu®* site, and a fifth site
which is weakly populated and said to lie outside the
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Table 4. 1Eu Mossbauer Parameters for
BaMgA|10017:EU2+

o (mms™1)3 e2qQ/h (MHz)?
—17.61 854.09
—14.25 —2499.52
—11.50 —1273.41

—8.69 —1020.07
—0.98 —1437.50

a From ref 83. Unfortunately, the authors do not give any
idea of what the ¢ value are referenced to.

range of shifts for divalent and trivalent Eu. How-
ever, we do not agree with the last point made by
the authors as the fifth site is close to the Eu?"
values, and similar ¢ values for Eu alloys® were
ascribed by others® to Eu?* configurations. Hence, we
consider that there is evidence for four Eu?* sites in
the BAM sample investigated; however, the authors
do not show the Mdéssbauer spectrum. The authors
chose only to focus on the first three sites (in Table
4), which they ascribed to the three dominant Eu?*
sites in the lattice. They suggest that the three
locations for Eu?* cations are a Beevers—Ross site, a
mid-oxygen site, and an anti-Beevers—Ross site. They
admit that the nuclear quadrupole coupling constants
they report are larger than any other data reported
to date. However, this work shows that the europium
ions in BAM:Eu?* are distributed over more than one
type of site.®2 The authors refer back to this work®
in a further paper where BAM:Sm?* is studied.®® In
the latter it is concluded that, as Eu?t and Sm?*
possess nearly identical ionic radii and chemical
properties, the results from the study on BAM:Sm?*
provide additional support for the “multiple sites”
hypothesis for divalent ions in the phosphor.8 It
needs to be noted that a recent neutron diffraction
study indicated that the Eu?* ions were on a site close
to the anti-Beevers—Ross site.®® Two of the questions
that are important in understanding the bulk struc-
ture and surface chemistry of BAM:Eu?* have there-
fore been addressed by these investigations:83:85

(a) Where are the Eu?" cations in the structure of
BAM:Eu?

b) What is the fate of these Eu?* cations in the
phosphor when it is heated in air or used under
ultraviolet and visible light?

However, the jury is still out on the answers.

2.5. Tin

2.5.1. Introduction

The fundamentals of 1°Sn Méssbauer spectroscopy
were laid down over 35 years ago, and major reviews
appeared about 30 years ago.”# This means that,
for the relatively few phosphors that depend on Sn(ll)
as an activator, there is a wealth of Mdssbauer
spectra to use as reference materials.

2.5.2. Principles and Properties of 11°Sn Mossbauer
Spectroscopy

11850 Mossbauer spectroscopy is an easily inter-
preted probe for the stereochemistry and bonding in
tin compounds.8°—°! The 1°Sn source (half-life 245
days) is made by neutron irradiation of 18Sn in a
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Table 5. Mossbauer Parameters for (a) Tin(IV) and (b)
Tin(ll) Oxides and Halides

(a) Tin(IV) Oxides and Halides

tin(1V) compound o0 (mm s AEq (mm s™?) ref
Snk4 —-0.47 1.66 92
SnCl, +0.85 0 93
SnCls-5H,0 +0.25 0 93
SnBr, +1.15 0 93
Snly +1.55 0 94
K2SnFg —0.59 0 95
Kz2SnClg +0.45 0 96
K2SnBrg +0.75 0 96
(b) Tin(I1) Oxides and Halides
tin(11) compound o (Mms1)@  AEq (mms) ref
SnF; (monoclinic) 3.60 1.80 97
SnCl; 4.07 0 98
SnBr; 3.93 0 98
Snl, 3.85 0 98
KSnF; 3.02 1.92 99
KSnCl; 3.82 0.77 100
KSnBr; 3.83 0 100
SnO black 2.71 1.45 101
SnO red 2.60 2.20 101

a Relative to SnO; (this is the 0.0 mm s~ point on the 6
scale for Sn compounds).

suitable matrix such as CaSnO; or BaSnO;. The
gamma energy is relatively low (23.8keV) so that
recoil effects are small, and thus Mdssbauer spectra
of inorganic lattices can readily be obtained at both
liquid N, and room temperature.

The spin states of 11°Sn are !/, (ground state) and
3/, (excited state), and so the Mdssbauer spectra are
quadrupole-split doublets or simple singlets. In 11°Sn
Madssbauer spectra, the presence of a AEq means that
some kind of sp hybridization must be present. The
1193n natural line width is 0.62 mm s™*, which allows
reasonable resolution. °Sn ¢ values are usually
quoted relative to SnO, or BaSnO; standard absorb-
ers; these have identical 6 values within experimen-
tal error.

The tin(I1) and tin(IV) oxidation states in oxide and
halide lattices are easily established from their ¢
values (Table 5).927101

2.5.3. Chemical Properties

It is worth noting that Sn(ll) phosphors are usually
first fired in air and result in optically inert materi-
als. However, if they are fired in reducing atmo-
spheres, then the luminescence of the Sn(ll) activa-
tion develops. The reason for this has been ascribed
to the fact that most tin compounds are easily
reduced to the metallic form. By first firing in air,
the tin is incorporated within the host lattice in an
optically inert form (i.e., as Sn(lV)). Refiring in a
reducing atmosphere converts this to Sn(ll), and the
resulting phosphors have high-energy efficiencies and
brightness. The emission color of Sn(ll) has been
shown to be dependent on the host lattice, and
emission colors have been observed to change from
the ultraviolet to the deep red. Table 6 presents the
various effects that the crystal lattice parameters
have upon both the intensity (energy efficiency) and
the energy content (wavelength) of the emission
bands.'®* We and others have explained the signifi-
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Table 6. Emission Bands of Sn(ll) in Alkaline Earth
Pyrophosphate Lattices (Adapted from Ref 13)

emission

cation relative
lattice radius color peak (nm) intensity
o-M2P,0, (High-Temperature Form), Orthorhombic
M=Ca 0.99 UV 362 17
blue 429 15
M=Sr 1.13  blue 463 100
M=Ba? 1.35  deep-red 676 40
[-M2P207 (Low-Temperature Form), Tetragonal

M=Ca 099 UV 369 14
M=Sr 113 UV 364 80
M=Ba? 1.35 green 505 65

(orthohombic)

@ The crystal structure of the material is not yet established.

cance of the outer ns? electrons of low-valence p block
elements to the population of the conduction bands
and their role in luminescence.l02193 Mdgssbauer
spectroscopic studies of Sn(ll) phosphors should yield
more information on the role of the Sn 5s? electrons
in a similar way to early studies on colored Sn(ll)
oxides and halides.104-122

2.6. Antimony
2.6.1. Introduction

Although'?'Sh Mdssbauer spectroscopy has at-
tracted much interest in the past 35 years, it is not
as widespread in use as that of 5’Fe or 11°Sn. The two
main reasons for this are that first, as the Mossbauer
gamma energy is 37.15 keV, both the source and the
absorber usually require cooling, and second, the
quadrupole splittings are usually less than the
experimental line width. The natural abundance of
1218h is 57.25%, which means that it is rarely neces-
sary to use isotope enrichment, even for dopant
studies.

2.6.2. Principles and Properties of 21Sh Mdssbauer
Spectroscopy

The 37.15-keV resonance of ?'Sb is populated
directly with 100% efficiency by the 8~ decay of %'Sn,
and the gamma is emitted via a transition from the
I, excited state to the %/, ground state of *!Sh. The
half-life of 12'Sn is 76 years, and it is therefore a
convenient source. The most convenient source ma-
trices are ?'Sn0,, Ba'?'Sn0s, and Ca'?'Sn03.1%3

In some conditions, quadrupole splittings have
been observed in the 1?1Sb resonance; however, as the
line splitting is usually less than the experimental
line width, this is not usually the case.

2.6.3. Chemical Properties

The chemical isomer shifts (0 values) are quite
large in 121Sh; from the extremes of Sb(l11) to Sb(V)
there is a range of ~21 mm s ~1.124 Typical Sh(lll)
and Sb(V) ¢ values are given in Table 7.125-128

It is obvious that Sb(ll1) 6 values are in the range
from —16.5 to ~ —10.0 mm s, whereas those for
Sb(V) are in the range from ~4.2 to —3.5 mm s 1.
Therefore, for phosphors that are dependent on
Sb(l11) activators, any Sb(V) impurities will be easily
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Table 7. Mossbauer Parameters for (a) Sb(l11) and (b)
Sb(V) Oxides and Halides
(a) Sb(l11) Oxides and Halides

Sb(l11) compound T (K) A (mms™)2 AEq(mms™) ref

Sb,03 (cubic) 80 —10.4(3) 125
SbF; 78 —14.6(2) 19.6(9) 126
SbhCl; 80 —15.5(2) 127
SbBr3 80 —15.85(2) 127
Sbl; 80 —16.5(3) 127

(b) Sb(V) Oxides and Halides
Sb(V) compound T (K) A (mms™)2@ AEqg(mms™) ref

Sb,0s 80 0.5(2) 125
SbFs 80 +2.0(2) 125
SbCls 80 —3.5(3) 125
KSbFs 4 +4.2(5) 8.0(1.6) 128

a Relative to ?'Sbh/SnO..

seen by 12'Sh Mdossbauer spectroscopy, and therefore
this technique should be attractive to phosphor
chemists.

2.6.4. Studies on Sh®*-Containing Phosphors

Surprisingly, there has been only one such inves-
tigation to date.'® This paper dates back to 1975, and
is a report of a Mossbauer spectroscopy study on the
incorporation of Sb3®" into calcium halophosphate
phosphors.'?® It presents evidence that the proportion
of Sh(Ill) and Sb(V) in the lattices of fluorapatites
and chlorapatites depends on the firing temperature
(when fired in air). Surprisingly, less Sb(V) contami-
nation was found at higher firing temperatures, but
there is no mention of checking the phosphor proper-
ties. Therefore, it is not possible to conclude if the
Sb(Il1) is all in one lattice site or in both, or in fact
whether it has been first oxidized and partially
reduced with some oxide ligands remaining in the
lattice. The authors report different 6 values of
Sb(l11) in two samples of fluorapatite fired under a
nitrogen atmosphere. They also report different o
values for both Sb(l11) and Sb(V) sites fired in air.
Although they say that the least negative values of
o for the Sb(lll) sites are found for chlorapatite
samples and the most negative for fluorapatite
samples, they do not make detailed conclusions on
the interpretation. They stated that more conclusions
would follow in a later work, which does not appear
to have been published. Indeed, in 1980, the initial
work was referred to by the authors with no mention
of a followup work.”®

2.7. Zinc

2.7.1. Introduction

67Zn Mossbauer spectroscopy offers extremely high
resolution for the determination of small changes in
y-ray energy.®°~13 The very high sensitivity has
proved useful for precision measurements of hyper-
fine interactions and in gravitational red-shift ex-
periments.

2.7.2. Principles and Properties of 67Zn Mdsshauer
Spectroscopy

The 93.31-keV Mdssbauer spectroscopic state in
67Zn can be populated from 8’Ga, Ty, = 78.26 h, and
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from 87Cu, Ty, = 61.9 h. 67Zn Mossbauer spectroscopy
experiments usually have to be carried out at 4.2 K,
particularly because the high gamma energy leads
to a low recoil-free fraction. However, in favorable
cases (hard lattices) the temperature can be extended
to ~100 K. Since the natural abundance of 7Zn is
only 4.1%, absorbers have to be prepared from 87Zn-
enriched material. This makes 87Zn Mossbauer spec-
troscopic experiments expensive. In the majority of
67Zn experiments, the decay from ¢’Ga is utilized. The
advantage gained is that the 6’Ga activity is produced
“in situ” in the appropriate source matrix, which
contains Cu or Zn by the use of nuclear reactions in
a cyclotron. Cu metal disks and single crystals of ZnO
have proved to be successful source matrices.

2.7.3. Chemical Properties

From the point of view of phosphor chemists, Zn
is an activator, as in ZnO:Zn for example, and is an
important host lattice in the ZnS:M phosphors.

Many simple Zn compounds have been studied,
including both cubic and hexagonal ZnS. The Mdss-
bauer spectroscopic parameters of the latter two are
very similar.*®® This agrees with the facts that the
ccp and hep structures differ only by stacking se-
guences, and the nearest-neighbor Zn—S bond lengths
are nearly equal in the structures.’®® The phosphor
chemist probably has much to gain from studying Zn
host lattices for subtle differences. However, some
phosphors, such as ZnO:Ga, may yield interesting
data. In the latter case, this ultrafast phosphor may
be studied by conventional methods to study the Zn
site, but also the role of the Ga could be studied by
emission or source experiments, where ’Ga is put
into the phosphor so that the 7Zn Mdssbauer spec-
troscopic nuclei are formed at the Ga lattice sites
after the decay of ¢’Ga. Similarly studies on ZnS:Cu
phosphors could be carried out by emission or source
experiments where the 93.31 keV level is excited from
67Cu to make sure that the 7Zn Mossbauer spectro-
scopic nuclei are formed on the Cu lattice sites after
decay of 87Cu. Experiments similar to the last two
discussed have been carried out to study high T
superconductors (the Cu sites in YBa,CuzO; and
YBach3OG).l4O’141

2.8. Gadolinium

2.8.1. Introduction

The Mdossbauer effect has been found to occur in
six different isotopes of Gd: %*Gd, 1%°Gd, %Gd, >’Gd,
18Gd, and 89Gd. For a variety of reasons, such as
difficulty in preparing good sources or resolution
problems, only '5°Gd has seen extensive use. It was
first observed in 1962.142

2.8.2. Principles and Properties of 1%°Gd Mosshauer
Spectroscopy

155Gd has three transitions to low-energy excited
states, but the best properties arise from the 86.5-
keV gamma rays. The natural abundance of 1%°Gd is
14.8%. The parent isotope is 5°Eu, and the source
half-life is 4.96 years. The best sources are either a
dilute solution of '*°Eu diffused into Pd'* or the
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compound 54SmPd; (once irradiated by neutrons to
include 5°EuPds). The latter source contains '*¢Eu,
which has a half-life of 15 days and can also be used
for 156Gd Mossbauer spectroscopy.

For 1%Gd Médssbauer spectroscopy, it is usual to
prepare absorbers with natural Gd. It is only neces-
sary to use enriched %5Gd for materials with low Gd
concentrations, particularly where other heavy ele-
ments are present. Due to the high-energy elements
of the gamma rays, it is advisable to optimize the
absorber thickness.#4

2.8.3. Chemical Properties

A number of early reviews®2145146 of Gd Mdssbauer
spectroscopy in works on rare-earth elements Moss-
bauer spectroscopy give the parameters for a range
of compounds which are of interest to the phosphor
chemist. Much work to date has been devoted to
magnetic materials, but many of the oxide lattices
studied are of interest to the phosphor chemist. Such
lattices include GdAIO3,47148 GdV 4, GdaM,07 (M
= Sn, Ti, Ru, Ir),l5°‘155 Gd203,153 and Gd253.153

The interest in high-temperature superconductors
in the late 1980s sparked a flurry of papers on 1%°Gd
Mossbauer spectroscopy in these materials. Such
investigations by Mossbauer spectroscopy are clas-
sified on the basis of the sites of the probe nuclei in
the cuprates:

(i) Mossbauer spectroscopy of probe rare-earth
element nuclei in sites which are normally occupied
by rare-earth element atoms.

(if) Mossbauer spectroscopy of nuclei of atoms
which are substituted on Cu sites; these are mainly
5Fe, 119Sn, and %7Zn (see section on 7Zn).

Mossbauer spectroscopy using °°Gd is confined to
the first class and is mentioned here simply to show
that similar studies could easily be applied to Gd-
containing phosphors (using enriched %°Gd if the
amount of Gd present in the phosphor is low). GdBa,-
Cus307; has been studied by many groups;%6-165
(Gd;—xPry)Ba,Cuz07%%% and GdBa,Cu,0Og have also
received attention.®” Studies on Bis—xGdyxSr:CasCu,0,
(where x = 0.3 or 0.5) and Bi,Sr.Ca; yGd,Cu,0,
(where y = 0.25 or 0.5) using %°Gd Mdssbauer
spectroscopy have been interpreted to indicate that
the Gd has a strong preference to occupy the Ca
sites.’8® This latter study illustrates that, even at
relatively low Gd concentrations, useful information
can come out of such studies.

The importance of Gd,Os; as a host lattice for
phosphors, and the fact that Gd is often added to
yttrium oxide lattices by phosphor chemists, make
155Gd Maossbauer spectroscopy potentially a very
important technique for phosphor research.

2.9. Other Rare-Earth Elements

In addition to the above elements, four other
elements that are of interest to the phosphor chemist
can be studied using Mdssbauer spectroscopy: dys-
prosium, erbium, thulium, and ytterbium. However,
little Mdssbauer spectroscopy has been carried out
on these elements, and to our knowledge there have
been no studies specifically aimed at phosphor ma-
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terials for phosphor research. We will therefore be
very brief in our description of these elements.

2.9.1. Dysprosium

Of the four possible isotopes that have Mdssbauer
spectroscopic resonances, *°Dy, 161Dy, 1%?Dy, and %Dy,
only*$!Dy has a relatively low gamma energy (25.65
keV), and it was extensively studied in the early
years of Mdssbauer spectroscopy. 1¢1Dy has an iso-
topic abundance of 18.88%, and the parent source
isotope 6'Gd has a 6.9-day half-life. A number of
metal oxide lattices'®*~1"* have had their Mossbauer
spectroscopic parameters reported, including Dy,03.1"

2.9.2. Erbium

Five Er isotopes have Mdssbauer spectroscopic
resonances: %4Er, °Er, 7Er, 1%8Er, and "°Er. All
of these have large gamma energies.’®®Er has an
isotopic abundance of 33.41%, and the parent source
isotope %6Ho has a half-life of about 1200 years. Some
intermetallic compounds'’?~17> have been studied
using this Mossbauer spectroscopic isotope.

2.9.3. Thulium

The 8.40-keV gamma ray energy of 89Tb is popu-
lated from'®°Er with high efficiency, and this low
energy is compatible with a good Mdssbauer reso-
nance. However, a number of drawbacks reduce the
resonance absorption to around the 1% level. Some
work has been reported on the Tm,O3 lattice which
is of interest to phosphor chemists.176:177

A more recent study using %°Er to give %°Tb in
situ to observe vacancy trapping after implantation
into aluminum at low temperature (5 K) has been
reported.'’® Due to the presence of a local 4f moment
that is orientated by the neighboring atoms, large
quadrupole interactions were found for non-cubic
electronic environments. A quadrupole doublet that
was observed in the 100—300 K region was ascribed
to vacancy association.

2.9.4. Ytterbium

There are five possible isotopes in Yb that have
Mossbauer spectroscopic resonances: 7°Yb, 171Yb,
172Yp, 174Yb, and 178Yb. All have gamma ray energies
of about 70—80 keV, and of these both °Yb and "*Yb
have been studied. High-pressure Mossbauer spec-
troscopic studies in a diamond anvil cell have been
carried out on Yb,O3 using the 84.3-keV transition
in %Yb enriched to 70%.1° The sample used was
cubic Yb,O3; The isomer shift was insensitive to
pressure changes. At higher pressures (about 14 GPa)
the cubic to monoclinic transition took place. This
was confirmed by X-ray diffraction data at room
temperature after decompression when the mono-
clinic structure remained. This type of work, though
carried out for other reasons, is extremely important
for the study of phosphors.

3. Raman Spectroscopy

3.1. Historical Background

The Raman effect takes its name from C. V.
Raman, who discovered the effect in 1928.180.181 |t js
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an inelastic light-scattering phenomenon that is
analogous to the Compton effect which is observed
for X-rays.

There are many reviews of Raman spectroscopy of
various types of compounds in the solid state, for
example biomaterials, pigments, minerals, semicon-
ductors, and low-temperature superconductors.182-190
However, to our knowledge, there has not been a
review of the Raman spectroscopy of phosphors.

Raman spectroscopy is a valuable tool for the
characterization of phosphors, as it is sensitive to
both the composition and the structure of the lattices.
As will be shown herein, it can provide information
not only on the structure of the hosts of doped
phosphor-type materials but also on the site sym-
metries of the dopants.

The majority of Raman spectroscopic studies of the
solid state are concerned with the vibrational proper-
ties of the solids, and these will be dealt with in the
next section. The vibrational Raman spectrum of a
phosphor can be collected in a matter of minutes with
modern Raman instrumentation, and, as will be seen,
it readily enables the phase of the phosphor lattice
to be identified. Moreover, the use of a Raman
microscope enables particles of micrometer dimen-
sions to be analyzed, and this has proved invaluable
for assessing the homogeneity of phosphor samples.

A relatively smaller number of solid-state studies
have concentrated on the electronic Raman effect,
and these will be discussed after the section on
vibrational Raman spectroscopy. The usefulness of
electronic Raman spectroscopy stems from the fact
that intramanifold transitions take place between
levels of the same parity; thus, they are Raman active
but electric dipole forbidden. Consequently, electronic
Raman spectroscopy enables low-lying levels to be
located; these levels are difficult to characterize by
other means.

3.2. Vibrational Raman Spectroscopy

3.2.1. Introduction

The vibrational Raman spectra of phosphors yield
information about the crystallographic phases, the
lattice phonon energies, and the site symmetries of
activators, all of which are important parameters, as
these factors critically affect the efficiencies of the
luminescence.

In this section of the review, the Raman spectra of
phosphors will be discussed according to the clas-
sification of the lattice type, namely binary, ternary,
and miscellaneous. Each of these will be covered in
a separate section.

3.2.2. Oxides MO

ZnO. Films of ZnO have been deposited at room
temperature, 230 °C, and 430 °C by a filtered
cathodic vacuum arc technique, and the films depos-
ited at room temperature were found to be amor-
phous whereas the films grown at the higher tem-
peratures were polycrystalline.’®® Evidence for the
polycrystallinity came from the Raman spectra,
which showed two peaks at 436 and 556 cm™* that
are due to the E; and E;(LO) modes of ZnO in the
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wurtzite phase, respectively.’® Zinc oxide is often a
nonstoichiometric compound which can have an
excess of zinc in the lattice to varying degrees,
depending on the method of preparation. It has been
proposed that the impurity states introduced by
excess zinc in the film stimulate the onset of reso-
nance Raman enhancement at longer wavelengths
(e.g., 488 nm) than seen in stoichiometric ZnO.1%?
Thus, it was possible to use the intensity of the 556
cm~! band to assess the extent of oxygen deficiency
in the ZnO films.1°! By this means, the films grown
at room temperature were found to be significantly
oxygen deficient, whereas the oxygen deficiency was
reduced in the polycrystalline films which were
grown at the higher temperatures. The polycrystal-
line films of ZnO showed strong, near-band-edge
room-temperature photoluminescence emission at
approximately 380 nm, which was also attributed to
the reduced oxygen vacancies as determined by
Raman spectroscopy; the green emission peak around
520 nm, which originates from defects in the films,
was strongly quenched.'!

It is noteworthy that phonon frequency shifts from
those observed in single crystals of ZnO can be
measured by Raman spectroscopy and used to esti-
mate the residual film stress and how it changes with
deposition method.1?

3.2.3. Oxides M,0O3

Eu®* and Tbh®* doped into M,O3 (where M is Y3* or
a trivalent rare-earth ion) are an important class of
phosphors as well as being precursors for other
luminescent materials;'°3194 these phosphors will be
dealt with later on in the section on rare-earth
element-doped Y,0s.

Rare-earth sesquioxides are refractory materials
which all melt above 2350 °C and are known to exist
in three different structural modifications, namely
the A, B, and C types.®> The A type is a hexagonal
structure belonging to the space group P3m (D3)),
the B type is monoclinic belonging to space group
C2/m (Cgh), and the C type is the cubic structure of
the mineral bixbyite, (Fe,Mn),03, belonging to space
group la3 (Tﬁ). The cation is seven-coordinate in the
A-type structure, having a coordination sphere con-
sisting of an octahedral group of O?~ ions with an
additional O?" ion above one of the octahedron
faces.’®® The B-type lattice apparently has three
crystallographically nonequivalent cations. All three
cation sites have seven-fold coordination: two have
monocapped trigonal prism geometries, and the third
is described as a distorted octahedron with the
seventh O?” ion at a long distance.1%6-1%

In the C-type bixybite structure, the cations occupy
two crystallographically inequivalent six-coordinate
sites: one of these sites, having C, symmetry, has
the cation at the center of a distorted cube with two
0?2 ion vacancies on one face diagonal, and the other
site, having Sg symmetry, has the cation at the center
of a distorted cube with two O?~ ion vacancies on one
body diagonal (see Figure 1). The ratio of C,:Se sites
is 3:1.

The structures of the various rare-earth sesqui-
oxides depend on the ionic radii and electronegativi-
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Figure 1. C, and S; sites of the Y3 cation in cubic Y,0s.
These sites have vacancies on a face diagonal and a body
diagonal, respectively.

Table 8. Raman-Active Modes of Cubic Y,03

Schaak and White and Gouteron Repelin
Koningstein?®  Keramidas?®® et al.?4 et al.??
597 Fy 603 592 F, 591 Fy + Aq
576 567 E, 564 Fy + E4
526 F,
473 Fy 480 468 F 469 Fy + A,
434 F4 440 430 F, 429 Fy + E4
402 F, 399 F,
381 Fy+ A, 389 383 E, 376 Fy+ A,
379 F,
333 E, 337 330 F, 329 Fy + E4
320 Fy + Eg 325 318 F, 318 F,
194 E, 193 Fy + Eg
182 F, 179 Fy
164 Fy + Ay 162 161 Fy+ A, 161 Fy+ A,
133 Fy 130 Fy 129 Fy
116 Fy

ties of the rare-earth cations; thus, under ambient
conditions the trivalent rare-earth cations of large
ionic radii (La, Ce, Pr, and Nd) form sesquioxides
having the A-type structure. The trivalent cations of
Sm, Eu, and Gd have intermediate ionic radii as a
consequence of the lanthanide contraction, and these
form stable sesquioxides having the B-type structure
under normal conditions, whereas the trivalent cat-
ions of Th, Dy, Ho, Er, Tm, Yb, and Lu have smaller
ionic radii and give stable sesquioxides having the
C-type structure. Yttrium, which has a trivalent ionic
radius and electronegativity similar to those of the
rare-earth elements, especially holmium and erbium,
also forms a sesquioxide having the C-type struc-
ture.1997292 However, the phases of these sesqui-
oxides are dependent on temperature?32%4 and
pressure.1%:205-207 Eor example, the C-type (cubic) Sm
and Gd sesquioxides have been reported to transform
under pressure to the A-type (hexagonal) structure
and then to the B-type (monoclinic) structure upon
release of pressure,?8209 and C-type Eu,O3 is appar-
ently believed to behave similarly under pressure.?'®

Y,03. The cubic form is a common phosphor lattice.
Cubic Y,03 is predicted to have 22 first-order Raman-
active modes,?*1~27 and those that have been ob-
served are listed in Table 8, along with their sym-
metry types. Furthermore, a Raman spectroscopic
study of undoped Y,03 as a function of pressure gave
evidence for two phase transitions when the pressure
was increased to 22 GPa.?'! These were identified



Mdsshauer and Raman Study of Phosphor Activators

Table 9. Unit Cell Parameters, Raman Wavenumbers
of the Intense Phonon Band in the 370 cm~! Region,
and lonic Radii of the Dopant in Cubic Y;03:Ln, 10
mol % (Taken from Ref 219)

cell Raman shift rare-earth

sample parameter (A) (cm™Y) ionic radius (A)
Y,03:Nd  10.681 + 0.0025 370 0.980
Y,03:Eu  10.659 + 0.0022 371 0.947
Y,03:Gd  10.647 + 0.0030 374 0.938
Y,03:Th 10.635 + 0.0036 373 0.923
Y,Os:Ho  10.630 + 0.0044 0.901
Y,03:Er 10.620 + 0.0008 0.890
pure Y.Os; 10.616 + 0.0033 377

from the Raman spectra as C — B and B — A phase
transitions; the former was detected at a pressure of
12 GPa and is reported to be first order and irrevers-
ible, whereas the latter was detected at 19 GPa and
is reported to be first order and reversible (the
pressure effects will be dealt with in more detail at
the end of this section). When there is temperature-
dependent polymorphism, the A, B, and C structures
are typically those of the high-, medium-, and low-
temperature forms, respectively.'®®

We have recently used Raman spectroscopy to
determine the temperature at which Y,03:Eu®t phos-
phor samples crystallize from hydroxycarbonate pre-
cursors.?’® The intensity of the cubic Y,03; band at
377 cm™ is correlated to the degree of crystallinity
of the Y,03:Eut phosphor powders. It should be
noted that the exact wavenumber location of this
band does apparently vary depending on rare-earth
cation dopants (see Table 9).2%°

Y.0s:Eu®t has been used as a red photoluminescent
phosphor in lamps and cathodoluminescent phosphor
in color television. In this lattice the Eu®' ions
substitute the Y3* ions which occupy C, and Sg sites
in a ratio of 3:1.220-222 An important additional benefit
of Raman spectrometers for phosphor chemists is
that they can collect the laser-excited luminescence
spectra of such phosphors. The emission spectrum
obtained in this way from Eu®" in C-type M,03
(where M is Y3t or a trivalent rare-earth ion) under
visible or near-ultraviolet excitation occurs mainly
from the °Dg level, although some weak emission
lines occur at wavelengths shorter than the Dy —
Fo line at ca. 580 nm due to °D; — 7F; transi-
tions.??3224 The weakness of these emission lines is
due to the proximity of the °D; (~19 200 cm™?) and
5Dy (~17 200 cm™1) levels. Raman spectroscopic data
suggest that the host lattices have phonon energies
as high as 600—700 cm™! (see below), so that the
separation of around 2000 cm™! can be bridged by
three phonons, resulting in efficient multiphonon de-
excitation. Efficient multiphonon de-excitation can
also occur from the 5D, level (~21 500 cm™1), which
is approximately 2300 cm~* higher in energy than
the 5D, level. Thus, upconversion emission was found
to be a relatively inefficient process when Y,03:Eus*
was excited by 632.8 nm laser light, compared
to the cases of Y,03Erd", Y,03Tm3", and
Y203:H03+_221,222,225,226

In commercial Y,03:Eu3* phosphors, the 5Dy — "Fq
transition of Eu®* occupying C; sites of Y,O3 is located
at 580.8 nm, and a weak, narrow excitation peak at
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578.0 nm has been identified for the same transition
of Eust in Sg sites.?'3 The structure in the excitation
spectra at shorter wavelengths was identified as the
vibronic overtones of the °Dy — "F( transition. This
was supported by a satisfactory correlation of the
phonon maxima derived from the C,-type vibronic
spectra and the reported Raman and infrared
data.?'?213 However, a correlation was less evident
when contrasting the vibronic spectra for the S; sites
with the Raman and infrared data. For these com-
mercial phosphors, having an Eu3* concentration of
ca. 4.7 mol %, efficient energy transfer occurs be-
tween the Sg and C, sites for Eu®* in the °Dg level.
As the 5Dy level in the Sg site is 87 cm™* higher than
the same level in the C, site, the efficient energy
transfer from Sg to C, sites presumably occurs by
simultaneous creation of a phonon.?*? This efficient
energy transfer is necessary for the high emission
efficiency of the Y,03:Eu®" phosphor, as the 5Dy —
’F, transition which gives rise to the red 611 nm
emission is electric dipole allowed for Eu®" in C; sites
but forbidden for Eus* in Sg sites.

It has recently been reported that, when nano-
crystalline material is condensed from the gas phase,
the B-type monoclinic form of Y,O3:Eu®t can be
prepared,??’~2%0 and the formation in the monoclinic
phase has been attributed to the Gibbs—Thompson
effect.?3! This effect refers to the stabilization of the
high-temperature phase due to the higher surface
area to bulk volume ratio found in these nanopar-
ticles. The cubic phase does form, however, as the
particle size decreases to 7 nm.??” There is currently
much interest in nanocrystals which can form in new
phases because they can exhibit enhanced electronic
and optical properties. The B-type phase of Y,O3; was
identified?'* by comparing its Raman spectrum to
those of B-type Sm,0;, EuU,03; and Gd,03.232233
Furthermore, a good linear correlation was observed
between the highest frequencies of the vibrational
modes of B-type Y,03 and pressure, and this allowed
the values of the c/a ratio of the monoclinic unit cell
to be deduced over a range of pressures up to 18
GPa.?'! The values of the c/a ratio are related to the
compactness of the unit cell, and these were in good
agreement with those given by others.207:234.235

Four intense bands were observed in the Raman
spectrum of Y,03 under a pressure of 22 GPa. Two
bands at 577 and 537 cm™! can be assigned to
stretching modes of A-type Y,03, and the other two
bands at 320 and 174 cm™! can be assigned to
bending modes by analogy with the bands observed
in the Raman spectrum of A-type Sm,03.2!! It has
been noted that the Y—O bonds are very similar in
length in the Y,03 A- and B-type structures, and the
stretching vibrations have similar frequencies in the
two structures.?!!

La,O3; and Nd;Os. Single-crystal Raman spectro-
scopic measurements have been obtained from these
A-type (hexagonal) oxides.?®® The Raman spectra
were found to be in exact agreement with predictions
from factor group analysis that the oxides, which
belong to space group P3m (ng), should have 2A;4
+ 2E4 Raman-active modes. Complementary infrared
spectra of Nd,O3; were also in agreement with the
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factor group analysis which predicts that the oxides
should have 2A,, + 2E, infrared-active modes.

Sm,03. Raman-active phonon spectra of both B
(monoclinic) and C (cubic) structures of Sm,0O3; were
observed?¥” and confirmed previous results.?5232 Of
the 22 Raman-active modes predicted by group
theory for the C-type structure, 19 were observed,
whereas of the 21 Raman-active modes predicted by
group theory for the B-type structure, 18 were
observed.?®” A transition from the C-type structure
to the B-type occurs at a temperature of ca. 850 °C,
as evidenced by the Raman spectrum. A Raman-
active crystal field excitation was also observed in
the C-type structure around 1004 cm™1, and this was
associated with the Sg site symmetry.237

The A-type structure of rare-earth sesquioxides has
one formula unit per unit cell, and consequently the
Raman spectrum exhibits only four bands. This is
nicely illustrated by the spectrum of Sm,03, which
shows two bands due to stretching modes at 455 and
444 cm~! and two bands due to bending modes at 188
and 105 cm™1,2%2

Gd;03. Gadolinium oxide and europium-doped
gadolinium oxide waveguiding thin films have been
prepared by sol—gel methods,?3823% and waveguide
Raman spectroscopy (WRS) has been conducted on
annealed films of Gd,03:Eu®*,which have scintillation
properties.?®® WRS is a sensitive, nondestructive
technique for the analysis of such films below 900
°C, but above this temperature the films are reported
to lose their waveguiding properties. To perform
WRS, a focused laser beam must be coupled into the
thin film being used as the waveguide. The most
convenient way of doing this is to use a coupling
prism.240241 The prism is clamped against the film
using adjustable thumbscrews, allowing an evanes-
cent field to pass through the thin coupling air gap
and launch light into the waveguide. The prism is
mounted on a translation stage at the center of a
goniometer, which enables the coupling angle to be
selected precisely so that a guided light mode can be
launched in the film. This light excites Raman
scattering within the film, and the scattered light can
then be collected normal to the propagation direction
of the light beam within the planar waveguide. This
allows high signal-to-noise Raman spectra of thin
films to be collected.

The Raman spectra collected in this way indicate
that the films transform from the amorphous phase
into the crystallized phase at 600 °C. The Raman
spectrum of Gd,0O3 in the amorphous phase is mani-
fested by two weak broad bands around 90 and 350
cm~1,238.239 \whereas the Raman spectrum of C-type
Gd,03 exhibits six bands at 93, 117, 313, 359, 442,
and 565 cm~—1,23°

Lu,O3z;. Raman spectra of Lu,O3:Er®t have been
used to explain some interesting emission phenom-
ena associated with this material.>*? The sesquioxide
Lu,Os, like Y,0s3, crystallizes in a cubic structure
belonging to the la3 space group, and Er®* ions
substitute for Lu3" ions randomly on C, and S sites,
which are present in the ratio of 3:1. It has recently
been reported that, under identical conditions, nano-
crystalline Lu,O3:Er®* shows upconversion intensities
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Table 10. Raman Wavenumbers and Assignments for
Cubic Lu,O3 and Y,03; (Taken from Ref 244)

observed
wavenumbers (cm™1)

assignment Y,03 Lu,O3

Tyg 132.8 98
Ty + Ag 164 120

195.7 191
Ty + Ag 320.5 289
Eq 3335 348
Ty + Ag 380.9 393
Ty 472.8 499
Tyg 597 614

approximately 100 times greater than Y,OzEr3*
under 804-nm light excitation.?*> A possible explana-
tion for the enhanced emission properties of
Lu,Os:Er?t is that an intensity-borrowing mechanism
operates by the mixing of 4f and 5d orbitals of the
Lu®* ion via the lattice valence band levels.?* A
comparison of the upconversion luminescence of bulk
Lu,Oz:Er®* with that of the nanocrystalline material
showed that the former was significantly more in-
tense.?*? It was suggested that the reason for this is
that the latter material has carbonate and hydroxyl
ions adsorbed on the surfaces of its nanocrystals and
these make available vibrational quanta of ca. 1500
and 3300 cm™%, respectively, for multiphonon relax-
ation. The Raman spectra of commercial and nano-
crystalline Lu,O3 were presented?*? to show that the
maximum phonon energy of lutetia is about 620 cm™2,
which is considerably lower than the vibrational
guanta available from the carbonate and hydroxyl
ions.

Raman spectra of a single crystal of C-type Lu,O3;
were reported for the first time by Laversenne et
al.,?** and the Raman frequencies and assignments
were compared with those of C-type Y,0;3 (see Table
10). As can be seen from Table 10, there is good
agreement between the frequencies of the respective
vibrational modes.

Lu,O3 is currently used as a host material for
scintillator phosphors.

3.2.4. Oxides ABxO,

YVO,. Raman spectroscopy has helped our under-
standing of many of the properties of rare-earth
element-doped YVO, lattices. This lattice doped with
Eu®™ was the first red phosphor used for color
television (in the early 1960s). The first-order Raman
spectrum of the yttrium vanadate lattice was re-
ported in detail in 1967.245 Nine of the 12 Raman-
active modes were observed, and symmetry assign-
ments were made.

The Raman spectra of YVO, crystals doped with
1% Nd*t showed bands at essentially the same
wavenumbers as undoped YVO,, viz. 159, 165, 261,
379, 490, 816, 839, and 892 cm~1.26 In another study
of YVO4,:Nd®*" crystals, two broad Raman bands in
the 300—400 and 700—1000 cm™! regions gave evi-
dence for the formation of an impurity phase in
addition to YVO,.?*” The investigation of these ma-
terials was motivated by their laser and luminescence
applications.
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In the case of Czochralski-grown undoped YVO,
crystals, a number of Raman bands were observed
above 1000 cm~! which were attributed to oxygen
deficiency in VO, units, resulting in a distortion of
VO, tetrahedra.?*®

ZnGa;0,4. The spinel, ZnGa,04, has an emission
which peaks around 390 nm and decays with a short
lifetime of around 0.6 ns; for this reason, it has been
considered as a scintillator for fast detection sys-
tems.?*° When this lattice is doped with either Mn?*
or Si**, promising phosphor materials can be
prepared. The Mn-doped ZnGa,O, phosphor,
ZnGa;04:Mn, has been considered as one of the
leading candidates as a green-emitting field emission
display (FED) phosphor because it has moderate
electrical conductivity and good chemical stability.?%°
Unfortunately, the oxidation state of the manganese
activator was erroneously given as 4+ in that
paper.?® The Si-doped ZnGa,O, phosphor,
ZnGa,04:Si*", has also been reported for potential
applications in FED and plasma display panel (PDP)
devices.?*0

The spinel has eight formula units per unit cell and
belongs to the space group Oﬁ (Fd3m). A factor
group analysis shows that it has I' = Ajg + Eg + Tyg
+ 3Ty + 2A + 2E, + 5Ty + 2Tz, fundamental
modes, of which the infrared-active modes are 4Ty,
and the Raman-active modes are Ajg + Eq + 3Tag.
Raman bands at 464 and 609 cm™' have been
previously assigned to T,y and Aiq modes, respec-
tively.?®! The first-order Raman-active modes in a
normal spinel, AB,O,, are independent of the motions
of B atoms. Thus, the Raman-active modes in ZnGa,0,
depend only on the motions of Zn?" in tetrahredral
sites and O?" ions, whereas there is no contribution
from the Ga®" ions in octahedral sites. Raman spectra
of ZnGa,04:Si** phosphors exhibited a new band at
540 cm~1;2%0 consequently, it could be inferred that
the Si** ions substitute the Zn?* ions in tetrahedral
sites. The Raman spectra showed that the solid
solubility limit of Si in ZnGa,0, was 0.05 mole
fraction, and this was consistent with the results
from XRD measurements. The effect of doping Si**
into the ZnGa,0,4 phosphor was to enhance the PL
intensity by a factor of 3 and to shift the emission
peak to longer wavelength.?50

3.2.5. Metal Sulfides (MS)

ZnS. ZnS is an important host lattice for green and
blue cathode ray tube (CRT) television phosphors as
well as for electroluminescent and long afterglow
applications. Near-infrared Raman spectroscopy has
been used to characterize green-emitting ZnS:Cu,Al
materials.?%? Excitation of wavelength equal to 752.5
nm was employed so that the Raman spectra were
free from the strong visible luminescence which
occurs from these phosphor materials. A strong
Raman band at 350 cm™ due to the LO mode and
additional weak features around ~220 cm™?, probably
arising from a two-phonon process, indicate that the
phosphor had a cubic zinc blende lattice. The Raman
spectra of ZnS:Cu,Al samples with different lumi-
nescence intensities were compared, and it was found
that crystal imperfections can lead to a reduction of
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luminescence properties. Moreover, there appeared
to be a close relationship between the LO mode
intensity and the luminescence efficiency. This was
interpreted to mean that there was a close relation-
ship between the local structure and the lumines-
cence efficiency. An additional Raman feature ap-
peared at 300 cm™%, along with two broad features
at 100—220 and 350—400 cm™%, suggesting that some
kind of disordering occurred in the crystal structures
of low luminescence samples. The most plausible
explanation was that there was a local symmetry
breaking due to defect structures associated with
intergrowths of hexagonal domains. This was indi-
cated by a Raman band at 300 cm™, which was
attributed to the E; mode of ZnS in the hexagonal
phase for which the cubic phase has no counterpart.
It was emphasized that Raman spectroscopy is sensi-
tive to short-range order (of the order of approxi-
mately =5 unit cells), unlike XRD, which has a
coherence length of =20 unit cells,?? allowing the
detection of polymorphic modifications of the phos-
phor. It was pointed out that an advantage of Raman
spectroscopy over XRD is that the polymorphic
modifications of nanometer-sized particles can be
detected by the former technique, whereas line
broadening occurs when using XRD, and that hinders
the ability of this latter technique to distinguish
between different polymorphic modifications.

Bulk ZnS:Ag,Al is a blue-emitting CRT television
phosphor. Nanocrystalline particles of ZnS:Ag,Al
have been studied by Raman spectroscopy as well as
transmission electron microscopy.?®®> The Raman
spectra showed that the gas-phase condensation
method produced nanoparticles. It is desirable for
these CRT phosphors to have small particle sizes in
order to increase the resolution and display bright-
ness under low-energy electron beam excitation. The
Raman LO phonon band of the ZnS:Ag,Al nanopar-
ticles at ~350 cm~! was shifted by 2.8 cm™ to lower
energy from its counterpart in the bulk powder, and
the line width became broad. These features were
explained by a relaxation of the wave-vector selection
rule due to the quantum confinement effect of the
LO phonon.?372% These features in the Raman
spectrum were accompanied by a large blue shift of
the interband absorption edge (at ~3.7 eV) relative
to that of the bulk crystal, showing that the quantum
confinement effect for the charge carriers occurs in
the nanoparticulate sample. It was possible to esti-
mate an average particle size of about 3 nm in
diameter from the shift of the absorption band edge
using a variational calculation of Brus.?*® This di-
mension agreed reasonably well with those of the
lattice plane images in the TEM micrographs.25®

3.2.6. Metal Oxysulfides (M,0,S)

Y,0,S. Eudt-activated Y,0,S is an efficient CL
phosphor that is still used today as the red phosphor
in CRT television sets. Raman spectra of Ln,O,S:Eus"
(Ln = Lu, Y, Gd, and La) have been obtained at room
temperature in order to obtain information which
would help an understanding of the optical properties
of rare-earth element-doped Ln,O,S lattices.?®” The
lattices of the rare-earth oxysulfides and Y,0,S
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belong to the space group ng, and the primitive
unit cell contains one molecule of Ln,0,S.2® The
factor group analysis gives I' = 2Ay + 2Eg + 2A,, +
2E, optical modes, of which 2A;4 + 2E4 are Raman
active and 2A,, + 2E, are external modes. We note
in passing that one of the E, modes was omitted from
the reducible representation that was quoted in the
original work.?>” The 2A4 + 2E4 Raman-active modes
belong to the Ln,O, group, which is a parallelogram.
These modes give rise to two pairs of Raman bands,
one pair occurring in the low-frequency region with
the other pair coming at higher frequency. The low-
frequency bands were designated as R; and R, and
are due to Ay + Eyg modes, as are the higher
frequency bands which were designated as R; and
Ra.

3.3. Electronic Raman Spectroscopy

3.3.1. Introduction

Electronic Raman spectroscopy is a very useful
technique for studying transitions between the ground
states and low-lying excited levels of lanthanide ions
and can provide much information for the elucidation
of the emission spectra of rare-earth element-doped
phosphors. These transitions cannot be studied by
optical absorption spectroscopy, as they are electric
dipole forbidden, but they are Raman active because
the initial and final levels have the same parity.

The expression for the Raman scattering amplitude
is given by the Kramers Heisenberg equation:?>°

(apo)fgz
1 Hlegrlildle-rigd  Hle-rlildlegr|g
+

- : - 1)

hc4 vg — v — il v T ve — I
where p and o are the polarizations of the incident
and scattered light respectively; v and vs are the
frequencies of the incident and scattered light re-
spectively; |g[) |f0] and |iare the ground, final, and
intermediate states of the ion, respectively; T is the
half-width at half-maximum (HWHM) of the inter-
mediate state |ilJand vg; is the frequency correspond-
ing to the ground to intermediate state energy
separation.

The summation in eq 1 extends over all intermedi-
ate states of the active ion.

The electronic Raman selection rules have been
compiled by Kiel and Porto.?%° The electronic Raman
transition f — i is governed by the matrix element

[g]s = TtloglyiD ey
where the irreducible spherical tensor components

ag can be obtained from the Cartesian tensor com-
ponents a,, of eq 1 by a unitary transformation

ag =Yy U(K.Q.p.0)a, (3)
0,0

and the orbital parts of the eigenfunctions of the
lanthanide ions are given by
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W= amYm 4)
Y= A Y (5)

where Y!. and Y' are spherical harmonics charac-
terized by the quantum numbers n, L, S, J, and J,,
the crystal field states being linear combinations of
J and J;; the aim and amy are coefficients.

Substitution of 1 and v? from egs 4 and 5 into eq
2 gives

[OLS]ﬁ = @?WSW?D: Zzafm'aimw:{lagw:nm (6)
m m

This matrix element can be expressed, by use of the
Wigner—Eckart theorem, as

[Olg]ﬁ = ;;afm’aim(_l)lm(ll_ m' g Im)Eﬂ'IIOLSIIID

()

where (', & ) are the Wigner 3j coefficients and
[l]'||ag||llilare reduced matrix elements.

The basis of electronic Raman selection rules is
formed by the Wigner 3j coefficients, which are
nonzero only if the sum of any two of I, K, and I' is
equal to the third member and —-m' + Q + m = 0.
This allows us to find the components of ag that
transform as the direct product T(Y!) ® T(Y'),
which is a prerequisite for a Raman process to be
allowed.?®* In the case of a lanthanide ion, | is
replaced with J and m is replaced with J,, so that
the Wigner 3j coefficient becomes

(J' K J )
-3, Q J,

The case of Eu3* can be considered as an example.
For the "F; — "Fq transition,Q = J, — J,and K = J’
+ J, so that the components are aé (where Q = —1,
0, +1). It is interesting that this electronic Raman
process is related to an antisymmetric tensor, as this
contrasts vibrational Raman processes which are
related to symmetric tensors unless resonance condi-
tions are achieved. For the "F, <— "F, transition, the
irreducible tensor components are aé (where Q =
—2,—1,0, 1, 2), indicating that this Raman process
is allowed and that it is related to a symmetric tensor.
In the same way, it can be shown that the "F3z — "Fq
transition as well as transitions from "Fo to "F; (J =
4,5, 6) are not allowed.?®* Thus, the electronic Raman
selection rule is given by AJ < 2. It should be noted
here, however, that electronic Raman lines due to the
forbidden "F3 < "Fo, "F4 < "Fo, "F5 — "Fo, and "Fg <—
’Fo transitions of Eu®* can be observed when a strong
crystal field is experienced by the Eu®' ion; this
results in mixing of J states by the crystal field.

The following discussion will refer to the energy
level diagram of LSJ states of a number of the
trivalent lanthanide ions.?®? This so-called Dieke
diagram is presented in Figure 2. The states shown
in Figure 2 are split by the crystal field, and the
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Figure 2. Dieke diagram (adapted from ref 262). This shows the energy levels of the trivalent rare-earth cations.

number of split levels is determined by the crystal
field symmetry. It is an interesting feature of the
electronic Raman effect that, for ions with an odd
number of electrons, all crystal field levels are two-
fold degenerate, even if the symmetry of the environ-
ment is monoclinic. The degeneracy of the Kramers
doublets can be removed only in the presence of a
magnetic field. Unlike the case of vibrational Raman
spectroscopy, there is no factor group splitting, as
there is no coupling between ions in the same unit
cell.

3.3.2. Phosphors Containing Ce3*

When a sample contains an ion in more than one
type of site, such as a rare-earth cation in cubic Y,0Os,
resonant excitation of one of the sites would result
in selective enhancement of electronic transitions
belonging to that site compared to those of nonreso-
nant sites. For example, electronic Raman transitions
of Ce®* in the C, and Sg sites of cubic Y,03 have been
selectively enhanced by choosing the wavelength of
the laser excitation to coincide with the 4f — 5d
absorptions of Ce®* in the C, and S; sites, respec-
tively.?%* It has been reported that these absorptions
are centered on wavelengths of 441 and 516 nm for
the C, and S sites, respectively, and the electronic
transitions for each of these sites have been selec-
tively enhanced by exciting with 457.9 and 514.5 nm
laser light. This has enabled the energies of the three
Kramers doublets of the 2Fs, ground state to be
identified and three of the four Kramer doublets of

Table 11. Frequency Shift, Linewidth, and Intensity
of the Observed Stokes Electronic Raman Transitions
of the 4f' Ground Configuration of Ce®" in Y,03; Using
514.5 nm Excitation at a Temperature of 92 K2

frequency line width  normalized

site  multiplet  shift (cm™) (cm™) intensity
C; 2Fs2 666 10.0 0.155
2F12 2129 3.0 0.375

2793 8.0° 0.225°P

3814 8.0 0.020

Se 2Fsp2 978 6.0 0.609
1503 15.0 0.268

2F712 2270 35 1.215

2996 8.0 0.915

3402 8.0 0.155

a Levels not observed by electronic Raman spectroscopy are
indicated by dashes. The intensities were normalized using
the intensity of the 379 cm! vibrational mode of Y,0; (taken
from ref 264). ® These values were obtained with 457.9 nm
excitation.

the 2F;; excited state for Ce®" cations in S¢ sites (see
Table 11).2%* For Ce®" ions in C, sites, the energies
of two of the three Kramer doublets of the 2Fs;
ground state have been identified, along with those
of three of the four Kramer doublets in the 2F»
excited state (see Table 11). These states, which arise
from the 4f! ground-state configuration of the Ce3"
ion, can be seen in the Dieke diagram of Figure 2.263
Resonance enhancement factors of 2 orders of mag-
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nitude in both the C, and Sg sites were observed
using 457.9 and 514.5 nm excitation, respectively.
Y,03:Ce®" is only weakly fluorescing under short-
wavelength ultraviolet excitation.?®> However, a lu-
minescent material containing the same activator,
YAG:Ce®", is a useful yellow light-emitting phosphor
when excited in the blue region. This phosphor is
presently finding applications in white light-emitting
phosphor-coupled LEDs. These consist of a layer of
the phosphor on the LED chip, and they generate
white light from a combination of the yellow phosphor
emission with the complementary blue light emitted
by the LED.?56

3.3.3. Phosphors Containing Eu3*

Early polarized electronic Raman effects were
reported for YVO4:Eu®t,26” which was identified as a
commercial red cathodoluminescent phosphor for
television sets in the early 1960s, as was previously
mentioned in section 3.2.4.1% In this phosphor the
Eu®* cations replace the yttrium ions of the tetra-
gonal YVO, lattice and thus occupy sites of Dyq
symmetry. A line at 404.5 cm~! in the spectrum of a
single crystal had a half-width that decreased strongly
upon cooling the sample, unlike the vibrational
Raman bands of YVO, which is typical of the
behavior of electronic Raman lines. The polarization
properties of this electronic Raman line were similar
to those of the 840 cm™! vibrational band of the YVO,
lattice, indicating that the former has E symmetry,
as does the latter. Consequently the 404.5 cm™
electronic Raman line could be assigned to the E
component of the low-lying 7F; state of Eus*, which
is split into B, and E components by the crystal
field.?’” A weak Raman line at 359.5 cm™! was
presumed to be of electronic origin, and incomplete
polarization data for this line were in good agreement
with an assumed B, assignment. Other electronic
Raman lines were observed at 970, 995, 1018, and
1067 cm~* which can be assigned to A;, B;, B>, and
E crystal field levels of the 7F, state, respectively.

Although there is a wealth of information about the
splittings of energy levels of rare-earth cations in C;
sites of cubic Y,0s3, there is a paucity of experimental
data for rare-earth cations in Sg sites. This is because
electric dipole transitions are associated with the
former sites but not with the latter ones. The
experimental data for ions in Sg sites come mainly
from electronic Raman scattering, from relatively few
observations of magnetic dipole transitions identified
with ions in Sg sites, and from g values deduced from
EPR measurements of rare-earth cations doped into
cubic Y,0s. Also, because of the weakness of the
electronic and magnetic dipole transitions, most of
the data on Sg sites are for the pure R,O3 (where R
is a rare-earth cation) sesquioxides which have the
same cubic structure as Y03, i.e., only the heavy
lanthanide elements (Ho to Lu).

In an early study of Y,03:Eu®*, another red cathodo-
luminescent phosphor which has been used com-
mercially in television sets, electronic Raman lines
were reported in addition to Raman phonon bands.?%3
These electronic Raman lines, which were clearly
distinguishable from fluorescence lines, appeared at
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830, 948, and 1184 cm™1, and they were assigned to
the crystal field split components of the ’F, state of
Eu3' ions in Sg sites. The J = 2 state of the free ion
splits into Ay + 2E, crystal field levels in the Sg site,
and it was possible to assign the 830 and 948 cm™!
lines to the two Eq levels and the 1184 cm™ line to
the Ay level.?'® The J = 1 state of the free Eu®" ion
splits into Eq and Ay crystal field levels in the S site,
which have been reported at 132 and 432 cm™,
respectively.?6826° Schaak and Koningstein have shown
from their calculations of Raman scattering intensi-
ties that AJ = 2 transitions are favored by a factor
of 30 in intensity over the AJ = 1 transitions.?'® The
intensities of transitions with AJ > 2 are expected
to be very weak, and, as far as the authors are aware,
there are no experimental data on the "F3 456 mani-
folds of Eu®* ions in the Sg sites. Electronic Raman
data have been observed for all the "Fo_s manifolds
of Eu®* ions in europium—gallium—garnet (EuGaG),
however.?’° Electronic Raman lines due to the forbid-
den 7F3 ha 7Fo, 7F4 e 7Fo, 7F5 e 7Fo, and 7F5 e 7F0
transitions occur because the strong crystal field
experienced by the Eu®* ion results in a mixing of
the crystal field terms derived from the different
states. These lines are observed in the 1800—2000,
2400—3200, 3700—4000, and 4900—5300 cm™* re-
gions, respectively.?’? It should be mentioned that
electronic Raman spectroscopy is limited to bands
< ~10 000 cm™?! on account of the v* dependence of
the scattered light intensity and the fact that the
incident radiation is normally in the visible or near-
ultraviolet region of the electromagnetic spectrum.?’*

Although electronic Raman scattering by Eu®* ions
occupying Sg sites of Y,03 has been observed, there
has been no indication of electronic Raman scattering
by Eu®" ions occupying the C, sites of Y,03, even
though the latter are 3 times more abundant than
the former.?'2 This can be explained by the fact that
the Eu®' ions in the S; sites which have centers of
inversion would be expected to be more Raman active
than those in the C; sites which lack one.?"

3.3.4. Phosphors Containing Th3*

Electronic Raman spectroscopy has been used to
investigate the structure of a thin film of YAG:Tb®*,
which is a CRT phosphor, grown by liquid-phase
epitaxy (LPE).?”® Using 514.5-nm excitation, elec-
tronic Raman lines that were reported at 62 and 72
cm~! were assigned to ’Fs intra-manifold transitions,
and further electronic Raman lines at 2123, 2135,
2159, 2187, 2336, 2360, and 2390 cm~* were assigned
to "Fs — "Fg transitions.?’® Comparison of the elec-
tronic Raman spectrum of the thin film with the
electronic Raman spectrum of single crystals of YAG:
Th3" indicated that Th3' substitutes for Y3* in the
thin films in the same way as it does in the single
Crysta|s_270,274—276

3.3.5. Phosphors Containing Yb**

Becker et al.?”” studied both the electronic and the
vibrational Raman spectra of a single crystal of
YbPO, which are useful for consideration here, even
though the Yb3* ion concentration is too high for it
to be a phosphor. The authors reported that the Eq
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phonon at 310 cm~! has an anomalously large Raman
line width of 50 cm~! at room temperature and that
this transition is split into several separate transi-
tions that move apart in energy as the temperature
is lowered. These observations were interpreted on
the basis of electron—phonon coupling.?””

4. Studies Combining the Use of Mtdssbauer and
Raman Spectroscopies

The two techniques are complementary in many
respects, which makes the combination of these two
probes a powerful approach. One can easily see
evidence from the electronic Raman spectra for the
two cation sites, namely C, and Sg, in the Y,03:Eus*
phosphor, whereas this is not so easy with Mdssbauer
spectroscopy due to overlapping signals for the two
sites. Also, whereas the vibrational Raman spectrum

Relative Transmission

-10 0 +10
VELOCITY [ s )

Figure 3. Madssbauer spectra obtained from amorphous
samples of Ti;—3EusO, doped with different levels of
europium (adapted from ref 278).
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Figure 4. Stokes luminescence spectra obtained from
amorphous samples of Ti;—3EusO, doped with different
levels of europium. (A) x = 0.00794, (B) x = 0.00476, (C) x
= 0.00318, (D) x = 0.00159, (E) x = 0.000794, (F) x =
0.000397, and (G) hydrothermal (x = 0.00318). Excitation
of wavelength equal to 632.8 nm was used in each case
(adapted from ref 278).

probes the vibrations of the whole lattice, the Moss-
bauer spectrum probes the active center (e.g., Eus*
in the Y,03:Eu®* phosphor). On the other hand, the
electronic Raman spectrum probes the electronic
transitions of the activator ions and provides infor-
mation about their excited electronic states. The
remainder of this section will consider the Madss-
bauer/Raman probes when used in combination.
Recent studies on the effects of Eu3* doping and
calcination on the luminescence of titania phosphor
materials (of general formulas Ti;—3EusO2, X varying
between 0.000397 and 0.00794) describe the use of
Mossbauer spectroscopy to show the presence of
multiple sites with different levels of dopant.?7827° As
can be seen from Figure 3, the Mdssbauer spectra
progressively exhibited broader peaks as the Eu3*
concentration increased, indicating that the Eut ions
were occupying multiple sites within the amorphous
material. In addition, Raman studies were used for
both structural (phase) investigations and to study
the Stokes luminescence spectra excited by the 632.8-
nm laser line. It was shown by means of Raman
spectroscopy that the crystallization temperature of
the titania from the amorphous phase to the anatase
phase was raised by addition of Eu®* to the material.
The brightness of the emission increased as the Eu®"
content was raised to x = 0.00794 (see Figure 4). This
was the first report of an amorphous inorganic rare-
earth element-doped powder phosphor, and it was
demonstrated that calcination of the amorphous
titania to form rutile or anatase reduces the bright-
ness of the luminescence.?’® The anatase and rutile
phases of TiO, are easily distinguished from their
Raman spectra; both crystallographic forms are
strong Raman scatterers, the former giving rise to
Raman bands at 398, 514, and 641 cm™ and the
latter having bands at 448 and 612 cm 128 A
followup work extended the Eu®* concentration to x
= 0.143. It was shown that the luminescence was due
to a TiO,Eu®" compound rather than an Eu®t-



2850 Chemical Reviews, 2004, Vol. 104, No. 6

Intensity (au)

570 580 590 600 610 620 630
Wavelength (nm)

Figure 5. Stokes luminescence spectra obtained from
amorphous samples of Ti;—3EusO, doped with different
levels of europium. (A) Eu,O;3 starting material, (B) eu-
ropium nitrate precipitate, (C) x = 0.143, (D) x = 0.0397,
(E) x = 0.0159, (F) x = 0.00794, (G) x = 0.00318, (H) x =
0.000794, and (I) TiOs-only precipitate. Excitation of
wavelength equal to 632.8 nm was used in each case
(adapted from ref 280).
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Figure 6. Graph of the intensity of the 613-nm emission
band versus europium concentration (x) for amorphous
Ti1—3xEu4O, phosphor materials. Excitation of wavelength
equal to 366 nm was employed, and the dotted horizontal
line indicates the emission intensity obtained from the
europium nitrate precipitate over this europium concentra-
tion range (adapted from ref 280).

containing precipitate dispersed within a titania
precipitate.?8° The photoluminescence was shown to
increase in brightness to x = 0.0159 before quenching
began to be a serious problem and the rate of increase
of brightness dropped (see Figures 5 and 6). The
Madssbauer spectra of the europium/titania phosphor
materials showed some increase in the width of the
lines with increasing concentration up to a concen-
tration of around x = 0.015, at which point the widths
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Figure 7. Mdossbauer spectra obtained from amorphous
samples of Tij—3EusnO, doped with different levels of
europium over the range 0.00794 =< x =< 0.143 (adapted
from ref 280).

became constant (see Figure 7). There was also
evidence of a small decrease in the isomer shift up
to the same concentration, where again it leveled off.
These results were interpreted to indicate that there
is more than one environment present for the eu-
ropium ions, but that beyond a concentration of x =
0.015, one environment predominates. In addition,
it was suggested that the decrease in isomer shift
indicated a move toward more ionic bonding as the
europium concentration increased. >*Eu Mdéssbauer
spectroscopy and Raman spectroscopy proved to be
a useful combination of techniques to probe the
electronic environments of the Eu®* cations in these
materials as well as the phase of the TiO, host.28°
Electronic Raman spectroscopy and Madssbauer
spectroscopy have been used to obtain information
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about the Bym crystal field parameters for Sg sites in
Y,03:Eud".269.281 These parameters are related to Ay
model crystal field components by eq 8, the latter
being computed on the basis of an effective point
charge model,269.282

Bim = PkPm (8)

where the px are ion-dependent, host-independent
radial factors which have previously been reported.?8
The definite assignments of Eg and Ay symmetry
species to observed levels of the 7F; state of Eu®" at
132 and 432 cm™1, respectively, and of Eg, Eg, and Aq
symmetry species to observed electronic Raman lines
of the ’F, state at 827, 948, and 1188 cm™1, respec-
tively, permits the unique determination of the two-
fold and four-fold crystal field parameters, Bg, Bao,
and Bgs. It was somewhat surprising that B,y was
determined by these means to be positive, as the
lattice sum model predicted that By, < 0 for the Sg
sites in Y;03.269283 However, the conclusion that By
> 0 is supported by Mossbauer studies of hyperfine
splittings.28?

5. Studies Combining the Use of Mdssbauer and
Luminescence Spectroscopies

A recent Mossbauer spectroscopic study of nano-
crystalline cubic Y1 gEu 203 is the first to resolve the
spectrum into two contributions due to the Eu"
cations occupying the Sg (Csi) and C; sites.?®* The
Mossbauer data and fit are shown in Figure 8. The
Se site has a larger isomer shift, 1.23(3) mm s™!
(relative to EuFs), than the C; site, 0.97(1) mm s 1.
The former site is interpreted to have a stronger
covalent character. The axial component of the
electric field gradient is much smaller in the more
symmetric site, as the value of the quadrupole
splitting is about half. In our opinion, the most
important finding of the paper is the fact that the
Eu®* dopant is apparently distributed equally be-
tween the Sg and C; sites. So, in nanocrystalline cubic
Y18EU0203, this would mean that the Eu®t cations
occupy the Sg site preferentially, as this site accounts
for only one-fourth of the available Y3* sites.?®* As
the Sg site does not contribute very much to the
emission spectrum of the phosphor, as it is cen-
trosymmetric, the implication of this work is that half
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Figure 8. Mdssbauer spectrum of Y; gEug ,03. Experimen-
tal data are reported as dots, and the solid curves show
the fit with two contributions and the contribution of each
site. (Reprinted with permission from ref 284. Copyright
2002 Kluwer Academic Publishers.)
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Figure 9. Mdossbauer spectra obtained from a sample of
a LiAlO,:Fe3* phosphor before and after firing (adapted
from ref 286).

the Eu®" dopant is effectively wasted in the lattice.
It was previously assumed that only one-fourth of the
Eu®* cations occupied this site. In light of some of
our recent studies on Y, «EuO3; (where X is in the
range 0.2 to 5 x 1077), which have shown that it is
possible to dope the lattice with Eus* ions over a wide
concentration range and still get a linear relationship
between the latter and the emission intensity, it is
safe to conclude that the ratio found in the Mdssbauer
spectroscopic study must hold true for the range we
studied.?®

The deep red-emitting phosphor LiAlO,:Fe3" has
also been studied by Mossbauer spectroscopy.?® The
Mossbauer spectra are shown in Figure 9 for a range
of firing conditions. The rate of relaxation can be
determined from the ratio of the areas of the mag-
netic sextet and the quadrupole doublet seen in these
spectra; the stronger the quadrupole doublet relative
to the magnetic sextet, the higher the rate of relax-
ation. As can be seen from Figure 9, the area of the
guadrupole doublet has decreased relative to that of
the magnetic sextet after the final firing. This shows
that the paramagnetic relaxation rate has decreased
after the final firing. Such a decrease is in keeping
with the suggestion that the homogeneous distribu-
tion of the iron activator had not been achieved before
the final firing. Whether it had been achieved at this
point was not proved, but it is improved compared
to before the final firing. These observations demon-
strate that the improvement in the luminescence
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Figure 10. Luminescence spectrum obtained from a
sample of a LiAIO,:Fe3" phosphor. Excitation of wavelength
equal to 514.5 nm was used.
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Figure 11. Emission spectrum of Ca;—«Eu,Al;,016. (Re-

printed with permission from ref 287. Copyright 2002
Kluwer Academic Publishers.)

intensity of the phosphor LiAlO,:Fe®" after under-
going the final firing with added Li,CO3; shows that
the latter acted as a flux, promoting homogeneous
distribution of the iron activator through the host
lattice. The authors claim that this is the first time
that such effects have been demonstrated directly in
a phosphor material rather than inferred from the
results of luminescence characterization.

As has been seen throughout this review, the
Raman spectrometer collects the luminescence spec-
tra at the same time as the Raman spectra. Thus,
we have been able to collect the luminescence spectra
of LiAlO,:Fe®" along with the vibrational Raman
spectrum of the lattice. A typical luminescence
spectrum is shown in Figure 10, showing the lumi-
nescence band centered on ca. 730 nm due to the Fe3*
ion.

In another study, Ca; xEuAl12,0:9 (Where x was in
the range 0.05—0.5) materials were prepared from
Al(OH)3;, Ca(OH),, and Eu,03 at 1373 K under an
atmosphere of mixed gas (Hz, 20%; N,, 80%).28” From
the photoluminescence and Madssbauer spectra it
could be seen that the Eu cations were almost all in
the divalent state (no evidence for Eu®" sites was
found). The emission spectrum consisted of a broad
band with a maximum around 420 nm for an x value
of 0.05 (see Figure 11). This x value gave the most
intense emission under 325-nm excitation. The Mgss-
bauer spectra (see Figure 12) of two samples show
that the isomer shift values for the Eu?" cation were
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Figure 12. 5'Mogssbauer spectra of Ca;_4EusAl;2019 at
room temperature. (Reprinted with permission from ref
287. Copyright 2002 Kluwer Academic Publishers.)

in the range from —12.2 (for x = 0.5) to —11.7 mm
s~1 (for x = 0.05). It is therefore apparent that there
is a difference of isomer shift with different x in
Ca;—xEusAl;1,019. As the line widths of the Mdssbauer
spectra (see Figure 12) are wide (slightly larger than
3.5 mm s71), it is concluded that in these magne-
toplumbite structures there is a variety of cation sites
with isomer shifts in the range from —11.7 to —12.2
mm s ! It is suggested that these correspond
to a difference in the Eu—O bond lengths of
Ca;—xEuAl1,019 with different x values.?®” The au-
thors refer to earlier work?® which showed that,
when the large cation substitutes for the calcium in
CaAl;,019, the resulting structure is distorted. They
suggest that a significant amount of strain is intro-
duced into the structure, which accounts for the
change in the ™'Eu Modssbauer spectra and the
photoluminescence spectra of Ca;—xEuxAl;2014.

6. Conclusions

Coincidentally, both Mdéssbauer and laser Raman
spectroscopy date from the early 1960s, and they
have both benefited from considerable technological
advances over the intervening years. Consequently,
both techniques are becoming increasingly user-
friendly and therefore more widely practiced by
nonspecialists. We hope that the topics we have
covered in this review will have led the reader toward
the wealth of possibilities these two techniques offer
to phosphor chemists/materials scientists. We believe
that use of the two techniques together will allow
unique insights into many of the factors that are
necessary to produce more efficient and brighter
phosphors.
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