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ABSTRACT ~$qj

The relatively poor efficiency of phosphor materials in cathodoluminescence with low
accelerating voltages is a major concern in the design of field emission flat panel displays
operated below 5 kV. Our research on rare-earth-activated phosphors indicates that mechanisms
involving interactions of excited activators have a significant impact on phosphor efficiency.
Persistence measurements in photoluminescence (PL) and cathodoluminescence (CL) show
significant deviations from the sequential relaxation model. This model assumes that higher
excited manifolds in an activator de-excite primarily by phonon-mediated sequential relaxation
to lower energy manifolds in the same activator ion. In addition to sequential relaxation, there
appears to be strong coupling between activators, which results in energy transfer interactions.
Some of these interactions negatively impact phosphor efficiency by nonradiatively de-exciting
activators. Increasing activator concentration enhances these interactions. The net effect is a
significant degradation in phosphor efficiency at useful activator concentrations, which is
exaggerated when low-energy electron beams are used to excite the emission.

INTRODUCTION

Phosphors are the light-emitting components used in flat panel displays based on
electroluminescent, plasma or field emission excitation technologies. Unlike cathode ray tube
(CRT) displays, which use highly energetic electrons and substantial beam currents to excite
phosphor emission, design constraints in flat panel displays severely limit the amount of
excitation power available to excite phosphors. Consequently, the emission efficiency of
phosphor materials becomes an issue of major concern in the design of flat panel displays.
Unfortunately, the emission efficiency of rare-earth-activated phosphors appears to be limited by
concentration quenching of activators (the dopants which produce characteristic light emission in
phosphors) [1] and other effects [2]. The quenching effects are aggravated when low-voltage
electrons are used for excitation [3]. It is, therefore, important to understand the mechanisms of
quenching in phosphors and so determine whether quenching limitations of phosphor efficiency
can be overcome and, if so, how. Our work has identified interactions between activators in
excited states which have a maj or impact on phosphor efficiency. This paper presents evidence
for these interactions (primarily) from photoluminescence (PL) experiments but also with data
from cathodoluminescence (CL) which show concomitant effects.

EXPERIMENTAL DETAILS

Powder samples of phosphors from the systems Y203:Eu, Y2Si05:Tb and Zn2Si04:Mn
were prepared by spray pyrolysis (Superior MicroPowders) in dopant concentrations from 0.2 to
10 atomic%. Photoluminescence (PL) emission spectra were obtained using a D2
lamp/monochromator combination for excitation and a 0.6-m spectrograph with a charge-
coupled device detector to disperse and record the emitted light. PL persistence (light intensity
versus time) curves were obtained using a Nd:YLF pump laser and optical parametric oscillator
to provide pulsed, ultraviolet and visible excitation and a 0.6-m spectrograph, photomultiplier
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tube and digital storage oscilloscope to disperse, detect and capture light intensity transients.
Cathodoluminescence (CL) persistence measurements were obtained at accelerating voltages
from 0.8 to 4 lceV. Emission spectra were recorded using a small spectrograph and a charge-
coupled device detector. Light transients were captured using wavelength-isolating optical filters,
a photomuhiplier tube and a digital storage oscilloscope.

RESULTS AND DISCUSSION

A primary limitation to increasing phosphor efficiencies is that the individual activators
in essentially all phosphor systems become less efficient at converting input energy to light
output as the activator concentration is increased. As shown in Figure 1, the output intensity of
(red) light from the Eu 5D0 energy level divided by the Eu activator concentration (a value
proportional to the efficiency per Eu activator) decreases tenfold over the 0.2 to 9 atomic ‘%0

range of Eu concentration for PL excitation at 260 nm. CL efficiency per activator decreases
even more over the same activator concentration range for an accelerating voltage of 3 keV and
degrades further if lower accelerating voltages are used. Both PL and CL efficiency per activator
values were normalized to 1.0 for the Y203: 0.2 atomic 0/0 Eu powder
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Figure 1. Normalized Y203:Eu 5D0 (Red) emission per activator
for PL excited at 260 nm and CL excited with 3keV electrons.

The decrease in efficiency per activator shown in Figure 1 as a function of activator
concentration implies that the rate of a process which de-excites the activators nonradiatively,
i.e., without photon emission, is increasing with increasing activator concentration. This increase
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in the nonradiative de-excitation rate increases the overall rate of depopulation of the excited
states. Stated in other terms, the persistence lifetimes of the excited states of the Eu activators
should decrease as the activator concentration increases, due to an increased rate of depopulation
from nonradiative de-excitation events.

--

The energy level diagram for EU3+is shown in Figure 2. EU3+has a ground state of 7F
manifolds. The lowest excited states are of ‘D character, with the 5D0 state having the longest
lifetime and emitting the red light characteristic of EU3+-activated phosphors. Above the 5D states
are closely spaced states off-orbital character and then charge transfer bands [3]. When a deep-
ultraviolet (250 nm) photon is absorbed by EU3+,the EU3+is excited into a charge transfer band.
For isolated EU3+ions (those incapable of transferring energy to another species in the phosphor
lattice), the excitation relaxes sequentially through the various energy states of the ion, quickly to
the 5D3 level, then more slowly, but still sequentially through the 5D levels to the 5D0 level,
which has a high probability of emitting a photon.

225 nm +

!

Charge Transfer Bands (Y20~:Eu)

300 nm +

Upper
F- levels

5D3

468 nm +
+

5D2

T
5D

5(

I Red emission

Figure 2. Energy levels for EU3+and the sequential relaxation model.

By exciting EU3+activators with ultraviolet photons at 225 nm from a pulsed source, we
can excite detectable emission from the 5D levels and obtain persistence curves from each of
these levels. Relaxation within a single, isolated activator obeys first-order kinetics, and the
persistence (emission intensity versus time) curve has an exponential, exp[-kt], dependence on
time, t, and the total relaxation rate, k (S-l). A semi-log plot of persistence is linear with slope, k,
whose inverse is the lifetime of the state whose emission is plotted. PL persistence curves were
thus obtained for the Y203:Eu powders whose emission efficiencies are shown in Figure 1. PL
persistence lifetimes from the 5D0, 5D1 and 5D2 states for these powders are shown in Figure 3.
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Figure 3. PL Persistence lifetimes for Y203:Eu with 225 nm excitation.

The semi-log persistence plots for 5D0 state emission are linear, and the lifetimes derived
from these plots are constant over the range of activator concentrations shown in Figure 3. The
emission efficiency of this state, which provides nearly all of the characteristic EU3+light output,
must also be constant. The implications of this result are twofold. First, loss of activator
efficiency as a consequence of concentration quenching in Y203 :Eu must be due to nonradiative
processes operating on states above 5D0. In other words, concentration quenching of Y203 :Eu
emission is not due to loss of efficiency of the 5D0 state, but it must be related to how excitation
is transferred to the 5D0 state. Second, this result is not consistent with quenching related to
resonant or near-resonant energy transfer [4,5,6] between activators. In this scenario excitation
migration occurs until the activator emits light or the excitation reaches an activator near a “trap”
site, which nonradiatively de-excites the activator. By this mechanism, quenching by trapping
should most strongly affect 5D0 state, since excitation will migrate the fi.u-thest in this, the
longest-lived, excited EU3+state. Quenching by trapping will increase as increasing EU3+
concentration enhances migration rates by reducing the average separation between EU3+ions.
We conclude that such trapping effects (involving single, excited activators) are not strongly
affecting the emission efficiency of Y203 :Eu.

The semi-log plots of ersistence from the 5D1 and 5D2 states are linear at low EU3+
Kconcentrations, but, as the Eu concentration reaches 3 atomic 0/0,they become nonlinear,

indicating the advent of additional, non-first-order processes,. These nonlinear semi-log plots can
be fit by equations involving more than one persistence lifetime. In Figure 3 these multiple
lifetimes are plotted as long and short lifetime components of the 5DI and 5D2 states. Both the
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long and short lifetime components decrease regularly with increasing EU3+concentration. The
nonlinear appearance of the semi-log persistence plots from 5D1 and 5D2 emission and the
decrease in 5D1 and 5D2 lifetimes with EU3+concentration suggest that non-first-order processes,
which enhance the relaxation rates of these states, become increasingly important as the EU3+
concentration increases.

We have carried out the same type of experiment for the Y2Si05:Tb system and have
obtained similar results. The Tb3+ 5D1 state, which is the longest-lived and provides nearly all the
characteristic YzSi05:Tb (green) emission, has linear semi-log persistence plots and shows little
variation in its lifetime over the 0.2 to 10 atomic 0/0range of Tb3+ concentrations. The (higher in
energy) 5D3 state has nonlinear semi-log persistence plots over nearly this entire Tb3+
concentration range, and its lifetimes decrease by two-to-three orders of magnitude by 10 atomic
0/0Tb3+.

The persistence plots in Figure 4 suggest the nature of the additional relaxation processes
which are affecting the relaxation rates of the higher excited states in these phosphor systems.
The figure includes the PL persistence curve obtained by exciting Y203: 1 atomic% Eu with 225
mn excitation and monitoring 5D0 emission (611 rim). Figure 4 also includes calculations from
model [7] based on sequential relaxation (see Figure 2) and the 5D0, ‘Dl and 5D2 lifetimes from
Figure 3. The lifetimes of the states above 5D2are too short to significantly affect the shape of
the persistence curve for the time scale depicted. The long tail of the data and the calculated
curve, which represents the lifetime of the 5D0 state, match well, but the rise of the data is much
fh.ster than that of the calculated curve. The corresponding persistence curve from CL excitation
likewise matches the 5D0 lifetime, but it rises even faster (deviates even more from the calculated
curve) than the PL persistence curve. The fast rises of the PL and CL curves must be due to a
process which provides excitation to the 5D0 state without passing through one or both of the
intermediate states (5D1 and 5D2). Figure 5 depicts a process by which this might occur.
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Figure 4. Persistence of 5D0 emission (225 nm excitation) from Y203: 1atomic YOEUand curve
calculated assuming sequential relaxation through excited states.
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Figure 5. Direct Pumping of Eu ‘D. by Excited State Energy Transfer

In Figure 5 two EU3+ions excited to the 5D3 state transfer energy so that one EU3+ion is
raised to an upper f-level while the other drops directly to the 5D0 state, by-passing the 5D2 and
‘Dl states and populating the 5D0 state faster than it would be populated by sequential relaxation.
This mechanism could be favored over sequential relaxation through the 5D2 and ‘Dl states
because the high density of states (close packing) of the upper f-levels allows energy transfer
with a smaller energy mismatch (which must be dissipated by phonons) than occurs with
sequential relaxation. In terms of Eu3+emission efficiency, this interaction mechanism is neutral.
Initially there are two activators in excited states with the potential for the emission of two red
photons. After the interaction the two EU3+ions still have the potential to emit two red photons.
This interaction explains the fast rise in the persistence curve (data) of Figure 4.

While the interaction shown in Figure 4 explains deviations fi-om the sequential
relaxation model, it does not account for the degradation of phosphor efficiency with increasing
activator concentration. However, other types of excited activator interactions, one of which is
depicted in Figure 6, have the net effect of converting potential photons into phonon (heat)
energy.

A mechanism (Figure 6) for the complete de-excitation of an excited EU3+involves two
nearby activators excited to the 5D3 (or other 5D) state. One 5D3 state relaxes directly to the
ground state by transferring energy to promote the other excited EU3+to M upper level. The EU3+
which receives the excitation relaxes nonradiatively to an emitting level. Where, potentially, two
photons could be emitted, a maximum of one photon can now be emitted. The energy that could
have resulted in an additional photon was dissipated nonradiatively as phonons (heat). The
remaining excited EU3+may interact with another excited activator in the same way, essentially
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acting as a catalyst for nonradiative de-excitation. Such repeated interactions will seriously
degrade phosphor efficiency.
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Figure 6. Complete de-excitation of a EUJ+ion by excited state energy transfer

The two EU3+sites which interact as shown in Figure 6 form a type of “trap” - but not the
uswd concept of a trap, which involves de-excitation of a single excited activator~with the
energy going to some other type of site. This type of trap requires two excited EU3+ions in close
proximity. Individually, each EU3+in the “trap site” can act like a normal emitter.

One consequence of the excited state interaction mechanism is the introduction of a term
involving second order kinetics (because the interaction depends on the concentrations of two
activators in excited states) into the rate equations governing excited state relaxation.
Experimentally, the addition of second order rate terms should result in nonlinear semi-log
persistence curves and a dependence of the shape of the persistence curves on excitation
intensity. We found, at most, a very weak dependence of the persistence curve shape on
excitation intensity for intermediate activator concentrations in the Y203 :Eu and Y2Si05:Tb
systems. Future experiments w1l measure the effect of excitation intensity on the persistence
curves of powders with higher activator concentrations.

Transition metal activators might be expected to show enhanced excited state interactions
compared to rare earth activators, since the valence-band d-orbitals of transition metals extend
further from the activator ion than the f-orbitals of rare earths. Activators with d-orbitals should
be able to interact with other (especially excited state) activators over longer distances. The
shape of the persistence curve of Zn2Si04 with 10 atomic 0/0Mn was found to show a strong
dependence on excitation intensity, as shown in Figure 7.
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Figure 7. Semi-log plot of persistence from Zn2Si04 with 10 atomic YOMn, monitoring green
emission (530 rim). PL was excited at 232 nm with laser intensities of 11 UW and 100 uW. CL

was excited at O.8 keV.

The semi-log plot of persistence fi-om Zn2Si04 with 10 atomic % Mn excited at low (PL)
excitation intensity (11 uW) is nearly linear and is consistent with first order (isolated activator)
kinetics. The long tail of the persistence resulting from higher (PL) excitation intensity(100 uW)
is also linear and has the same slope (lifetime) as the persistence resulting fi-om lower excitation
intensity. At shorter times the persistence resulting from higher excitation intensity is distinctly
nonlinear. The nonlinear portion of this curve is modeled well if terms second-order in excited
activator concentration (corresponding to excited activator interactions) are added to the rate
equation for excited state relaxation. It is expected that a higher density of excited activators,
resulting from higher excitation intensities, results in enhanced excited state interactions, The
changes in the persistence curves due to nearly an order of magnitude difference in (PL)
excitation intensity can be replicated by only a 20°/0 change in manganese concentration in the
host Zn2Si04. At least for the excitation intensities used in PL excitation, the concentration at
which activator is doped into the host phosphor matrix appears to have a stronger effect on the
rate of excited state interactions than the excitation intensity. Increased activator concentration
will both reduce the average distance between activators in the host matrix and increase the
absorption of photons which cause excitation.

The semi-log plot of the persistence curve from Zn2Si04 with 10 atomic% Mn obtained
by electron beam excitation (Figure7, CL with 0.8 keV electrons) shows significantly more
curvature, implying even higher rates of excited state interaction than was achieved for PL at the
highest excitation intensity. The persistence curves of Zn2Si04 with 10 atomic% Mn obtained
with electron energies greater than 0.8 keV have less curvature and lie between the (0.8 keV) CL
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persistence curve and the (100 uW) PL persistence curve. CL apparently achieves higher local
densities of excited activators than PL in these experiments.

CONCLUSIONS

We have presented evidence for the existence of interactions between excited state
activators. Certain forms of these interactions explain why persistence curves deviate from the
relaxation model, which assumes that excitation relaxes sequentially between excited states of an
activator. Other forms of these interactions completely de-excite activators and can seriously
degrade phosphor efficiency by converting energy which potentially can be emitted as photons
into lattice phonons. The efficiency-degrading interactions explain the decrease in phosphor
efficiency as activator concentration increases

Three factors potentially influence the rate at which these excited state interactions occur
with excitation by photons (PL):
1. Activator concentration - determines the average distance between activators and, hence, the
rate of excited state interactions and also affects the amount of excitation energy absorbed;
2. Resonant energy transfer - effects migration of excitation to activators in close proximity, i.e.,
where they can interact; and
3. Excitation intensity - determines the initial concentration of excited activators.

Throughout this paper we have presented data obtained by electron beam excitation (CL)
comparison to that obtained by photon absorption (PL). The trends related to excited state
interactions are uniformly exaggerated in the CL data compared to the PL data. We believe that a
primary difference between CL and PL excitation is a much greater local density of excited
activators along the track of an impinging electron than is achieved in the phosphor matrix by the
(photon) excitation intensities used in our PL experiments. It is this high local density of excited
activators which enhances excited state interactions in CL experiments.

Excited state interactions appear to intrinsically limit phosphor efficiency. However,
there may be ways to ameliorate their effects. First, preparation techniques which minimize
aggregation of activators into locally high concentrations in the phosphor matrix will minimize
excited state interactions. Phosphors prepared by spray pyrolysis achieve higher efficiencies with
low energy CL excitation than those prepared by conventional techniques. This improvement in
efficiency may be due to less local aggregation of activators when spray pyrolysis is used to
synthesize the phosphors. Second, there may be dopants, which, when inserted into the phosphor
matrix, block interactions between excited state activators. Miller [8] has found that rare earth
dopants with energy states near resonant with those of EU3+in Y203:Eu tend to quench its
emission, but dopants with no resonant energy states may enhance its emission. We plan to
investigate these means of enhancing phosphor efficiency.
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