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We present a model of the photostimulated luminescéR&) in BaFBr:EF* in which the trapped charge
defects are mobile, rather than static. The PSL occurs when trapped electrons and holes migrate together to
form loose clusters around Eu and recombine after photostimulation. The model predicts that if one mea-
sures the PSL for some time and then stops the photostimulation, the PSL measured some time later will be
enhanced. We have recorded this effect and present the results as strong evidence in support of our hypothesis.

BaFBr doped with approximately 0.1 mol % Eu(hence- ions? and Ed" ions substitute for BA ions. When this
forth BaFBr:Eu?") may be used to store images of ionizing material is exposed to ionizing radiation, electrons are ex-
radiation in the form of trapped electrons and holes. Thecited across the conduction band to leave holes. A proportion
image may subsequently be read out by recording the bluef these electrons are trapped at Band F vacancies to
emission which can be stimulated with a red light sourceproduce F centers denotedB¥ ) and KF "), respectively.
(generally a HeNe laspt The wide dynamic range, good Holes are trapped as BrV, centers at low temperaturés,
sensitivity, and reusability of fims made of BaFBrEu but these are thought to decay on warming to room tempera-
have led to their widespread use as radiation imag@s:  ture. Some of the holes recombine with F centers to produce
spite the practical importance of this phosphor, the mechauminescence, while others diffuse to oxide impurities which
nism of the storage and stimulation process is still not fullyare present even in crystals which have been grown with
understood. Indeed, it is not clear why B4RE compounds great care to exclude oxygen and wattBuch impurities lie
in generalwhereX is a halide ion and RE is a rare-earth)ion on the fluoride sublattice, are denoted Cand at low tem-
are particularly efficient PSL phosphors. In this work we peratures their charge is compensated locally by a bromide
present experimental results that indicate that the migratioron vacancy. The combination of the, \éenter with G~
of charged defects plays a fundamental role in the behavigoroduces @ as well as a bromide-ion vacancyg,V, which
of this system, and in the light of this observation, we hy-may diffuse away from @ at temperatures above 200 K.
pothesize that there are some general physical features whidtihus, at room temperature, charge is stored (BrF) and

characterize technologically useful PSL materials. F(F™) centers, on @ sites, and possibly on other sites which
BaFBr:E¥" has the PbFCI structure in which layers of have not yet been identified.
F~ ions and double layers of Brions are separated by Ba The first model to explain the photostimulated recombi-
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nation of the stored charge, due to Takahashi and his
co-workers’, involved the promotion of electrons from the F
centers into the conduction band followed by diffusion until
they found a E&" hole site where they recombined radia- g 351°C

tively. Subsequently von Seggern and co-workérgro- |t BB P
posed that the PSL occurred when electrons BrP cen-
ters were promoted to an excited state from which they
tunneled to an adjacent hole which was complexed with a
Ev?* ion in a loosely defined entity called a photostimulable
luminescence complePSLQO [electrons at B") centers
are bound too deeply to be stimulated in this way by the ! 182°C
HeNe laset]. The energy released in this process excites ¥
EUW** to the 4°5d” state with subsequent radiative decay to L
the 4f7 ground state. Although direct evidence for PSLC'’s 0 20 40 60 80

has been produced, recent work by Iwabuchi and time (s)

co-workers® favors Takahashi’s original bimolecular kinetic

scheme and shows that the PSL in BaFBf‘Eis accompa- FIG. 1. Decay of the PSL from BaFBr:El after the sample has
nied by photostimulated conductivitfPSQ. This is inter-  been annealed at temperatures of 182 °C, 262 °C, and 351 °C; all
preted as evidence for electronic diffusion through the conthe curves have been divided by the decay curve measured after
duction band, an effect which is explicitly forbidden in von annealing at 122 °C.

Seggern’s model.

The charge stored in BaFBr:Eumay also be detrapped pand transition. The PSC in BaFBrEucan then be ex-
by heating the material to produce thermostimulated lumipjained in terms of optically stimulated diffusion of trapped
nescencdTL). Using TL methods Templef has measured charge on a two-dimensional lattice without the need for any
the trap depths which are filled during room-temperature irglectronic diffusion in the conduction band. Since our model
radiation, the shallowest being 0:88.2 eV. The equivalent 3|so predicts that the rate limiting step in the PSL process is
trap depth for photostimulation is greatérbecause of the the trapped charge migration, we would also expect the PSC
Franck-Condon principle, and has been calculated to be begmd PSL excitation spectra to have the same appearance,
tween 2.7 and 2.9 e¥. Since a HeNe photon has an energywhich is found to be the case. It also explains why PSL is
of 1.96 eV it appears that even the shallowest traps are togill observed after high-temperature annealing. This is sim-
deep to enable direct photostimulation into the conductiorp|y due to charge remaining in deep traps which have yet to
band. Indeed even if one heats BaFBFE®o 698 °C prior  form a PSLC. By extension the data in Fig. 1 can be ex-
to measurement at room temperature there remains a meghained in a similar manner. After a 10—20 s settling time, of
surable PSL signaf: By this stage there is no reasonable which more later, we are simply observing the kinetics of
chance of there being any direct photoexcitation into the concharge migration in samples with increasingly diminished
duction band with red light since the traps which remainjevels of trapped charge. The time dependence of the charge
filled have an optical trap depth of at least 6.3 eV. migration is independent of the trapped charge population

Templer also recorded the room temperature PSL as and therefore the curves appear similar.
function of time after annealing to a variety of  The modelis also consistent with other salient features of
temperature$ The shape of the PSL decay curve was unafthe PSL response of BaFBr:Eu At very short timeg(<10
fected by the anneal after the first 10-20 s. Figure 1 showgs) the PSL signal decays exponentially. This represents the
the PSL curves measured after annealing to 182, 262, angcombination of charge in PSLC's which are already
351 °C and then divided by the PSL signal measured after formed, via a single energetic pathway. At longer times
122 °C anneal. This result is remarkable because, as the a(>100 9 the decay of PSL intensity goes &s", with n
nealing temperature is increased, we would expect to be sucanging from 1.16 to 1.22 to 1.33 as the temperature is raised
cessively emptying deeper and deeper traps and hence, in tirem 5 to 45 to 80 °C, respectively. Power-law decays of this
case of both models, we would be progressively etchingorm are predicted for random walks on a periodic laftfce
away the faster temporal components from the PSL. although in the simplest model involving the hopping of an

Attempting to rationalize the above observations has lednitially random distribution of electrons and holes on a two-
us to the following model of the PSL in BaFBr:Eu At least  dimensional lattice, the decay exponent would be 1.5 and
one of the species of trapped charge is able to migrate aboutould not have an explicit temperature dependence. We have
its two-dimensional sublattice, both by thermfaand photo-  not pursued more sophisticated kinetic models for the PSL,
stimulation. The lowest activation energies for vacancy misince it is evident that a random hopping model can always
gration are 0.5-0.6 and 0.8-0.9 eV within the Band F be devised to match the desired temporal response, but, with-
layers, respectivell? while the lowest interplane migration out additional, nonkinetic data this does not provide particu-
energy has been calculated to be 1.1-1.2 eV for migratiotarly compelling evidence to support the model. It is also
from Br to F vacancies. However, electrons in F centers argvell known that the initial PSL signal rises linearly with the
trapped too deeply to allow direct excitation by red light into applied dose, up to saturation. This is consistent with the
the conduction band; only when an electron and hole comenodel, because the PSL only occurs when spatially localized
into proximity during the random walk are they able to re-trap pairs are formed. This means that although there may be
combine via a thermally or photostimulated subconductiorsignificant retrapping of photostimulated charge, the charge
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is retrapped at its original trap site which results in first-order
behavior®

Our model is not only capable of qualitatively rationaliz-
ing what previously appeared to be conflicting observations
but also predicts a rather startling kinetic effect which cannot
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be explained if one assumes that charge is trapped at static 0.04 l

locations. Suppose a sample is illuminated up to a tige 0.02 %

and then the source of stimulation is switched off. The for- \
0.00 %

mation of PSLC’s will continue in the dark, so that if the
laser is switched on again at a tirhethe PSL signal should
be higher compared with that &t. We call this effectecu-
peration Of course we would also predict that the rate of FIG. 2. Recuperation of the PSL from BaFBr#at a tempera-
recuperation would increase as we increase the temperatuiiese of 45 °C. The lines at the top of the figure depict the integrated
at which we store the sample, until the storage temperaturi@tensity, with the solid line representing the measured intensity and
itself was high enough to stimulate appreciable electron-holée dotted line the integrated signal that we might expect if the laser
recombination. In what follows we demonstrate exactly thishad not been switched off then on again. The scale of the measured
sort of recuperation in BaFBr-Etl. Aspects of thermally sig_nal is defined relative to a value of 1.0 when the laser is first
stimulated signal recovery have been reported b&fbtae  SWitched on.

photostimulated signal observed at 10 K was exhausted by ) ) _

continuous stimulation, but could be restored by warming thd2=1075 s. We also display the integrated signal at the top of
marked above about 200 K. Here we look at this phenomlatlon of the luminescence measured before the laser was

enon in greater depth and produce a self-consistent micrgawitched off att;. The curve used in this integration was
scopic model for the recovery. obtained by extrapolating a least-squares fit to the power-law
In the experiments we report in this letter the phosphordecay of the stimulated emission measured befereThe
samples were cut from a commercial plate manufactured b{ct that the actual integrated signal is less than the extrapo-
the Fuji Film Company, comprising powdered BaFBREU ated signal is evidence to support our contention that the
bound in an organic material and set on a plastic plate. ThEAte at which the trapped charge hops is enhanced during
sample was in the form of a square of edge 5 mm. All irra_phqtoshmulaﬂon. In Fig. 3 we have plotted the recuperation,
diation was performed in the dark for 30 min at room tem-defined asR=[1(t;) —I(ty)]/I(ty), wherel(t,) is the PSL
perature with &°Sr 8 source of 30 mCi activity. After ira- INt€NSity at timet,,, as a function of the recuperation period
diation, the sample was stuck to an aluminum pin with(tZ_t,l)' It is clear that the rate of recuperation is greatest at
silicone vacuum grease and transferred in the dark to a light® highest temperature, as we would predict, but that it also
tight box containing apparatus for PSL measurements. ThE€CaYs atlonger times at this temperature, presumably due to
pin was slotted into an aluminum block equipped with athermally stimulated charge recombination. .
heater coil and thermocouple and bathed in a stream of If we concentrate on the |n|t|al_growth of our recuperation
cooled nitrogen gas so that the temperature of the sampf@Ots V(\j/e hcan e>\</t\;act the hoEplng leneng)é for th_e mobile
could be maintained between 5 {@hen ice started to forin trappe charge. Ve assume that only tBrF) species are
and 85 °C. At a selected time, the microcomputer that conmobile, since it is this ionic vacancy that has the lowest

trolled the instrument opened a shutter and exposed the engpplng energ;(for the moment_t_here Is insufficient data to
tire sample to light frn a 4 mWHeNe laser(Laser Lines give us any hints as to the mobility of the trapped holhe

1124B. A notch filter rejected light other than the harmonic reﬁuper%tign is thgn associatetf Withl thg bUi(ljd tuBEOf .',[DSLC,S
at 632.8 nm. The PSL passed through an interference filter t en RBr) Species become loosely bound 10 ELBIES

be detected by a photomultiplier tud®MT, Thorn EMI uring thg period; —1,. Those I{Br' ) SPeCies not yet in a
9558QA. The interference filter had a typical bandpass of 4OPSLC will execute a random migration across the two-
nm centered at 400 nm and filtered out all light away from

2 5
log, (time/s)

the pass region by a factor of 40’he PSL signal was mea- 8
sured with Keithley 195A digital ammeter and transferred to M. g% d
a microcomputer at rates of up to 60 Hz. s 6rl . &C . o
After the PSL had been measured, the sample was ex- gij A
posed to a 16W UV lamp with a peak wavelength of 350 nm 53 I e
for approximately 1 h, at which point the residual PSL activ- € 2l X
ity was negligible by comparison with the previous PSL 11 ,_/ x ok ox ¥
measurement, and the background signal was measured. For 0] 3 3 yR—
the recuperation measurements reported here, the computer log, {(t,- t,Vis)
was programmed to close and open the shutter at times
andt,, respectivelyt; was fixed at 116 s anty was varied FIG. 3. The dependence on temperature of the recuper@tian
from 1 min aftert; to 17 h and measurements were madejs the PSL intensity at, relative to the PSL intensity a), mea-
with the sample temperature set at 45, 65, and 85 °C. sured at 45 °C, 65 °C, and 85 °C. The lines through the experimen-

The phenomenon of recuperation is demonstrated clearll points represent least-squares fits of the recuperation expression
in Fig. 2 which shows data taken at 45 °C with=116 s and  (discussed in the texto the data taken during the initial rise time.
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dimensional bromine sublattice. At short times there will beform of the radial distribution function for trapped charge in
little or no competition amongst the mobildB¥~) species a manner that will depend on the annealing temperature. Re-
for a specific E@" site and the recuperation will simply be cuperation will start as soon as the heat treatment has ended,
proportional to the number of independent lattice sites, but there will still be differences in radial distribution func-
which have been visited. To first order this is given bytions between the different samples until the laser-induced
ng=mny/In(ny),*® wheren, is the number of hops. The num- hopping returns the system to its dynamic equilibrium distri-
ber of hops made in a timeduring the recuperation period is puytion.

simply given byn,=stexp(— E,/kT), wheres s the crystal Finally, what can we say about the design of better phos-
vibration frequency,E, is the hopping energyk is the  phors? One reason why BXIRE is a particularly efficient
Boltzmann constant, anflis the temperature. This gives the material appears to arise from its particular form of layered

following expression for the recuperation: structure. Charge is transferred between the different halide
ste En/kT layers so that holes accumulate in the fluorine layers and

R=EA————————— ) electrons accumulate in the bromine layers. This partitioning

[In(st) —En/kT] of charge means that it is possible to store electrons in F

whereA is a constant of proportionality. The crystal vibration centers for a long time despite the fact that they are free to
frequency has been derived independéﬁmpd is 163s 1 migrate over many neighboring sites, and provides traps that
Using this value we have fitted the initial rise in the recuper-are sufficiently deep to store charge efficiently at room tem-
ated PSL with the above formula and foukg to be 0.89 perature, yet not so deep that migration and recombination
+0.01 eV at 45 °C, 0.950.01 eV at 65 °C, and 0.950.05 cannot be stimulated by the relatively modest energy pro-
eV at 85 °C. It is likely that the rate-determining step for thisvided by the HeNe laser. The movement of different charge
process is the migration of(Br™), in which case we expect defects is then restricted to different sublattices, and it is
E, to be larger than the activation energy of 0.5-0.6 eV forlikely that it will be hindered only when such defects become
the corresponding vacantyWithin experimental erroE,, is pinned at lattice imperfections, some of which may lead to
the same as that measured for the first TL peak irthe formation of PSLC’s. The general requirement for a good
BaFBr:Ef* (0.89+0.2 eV) though the implications of this storage phosphor of this type is a layered or chainlike struc-
are unclear to us. This analysis only applies to the initial stateure with a wide bandgap in which two sublattices of atoms
of the recuperation; at longer times factors such as the decayith different electronegativities, or molecules with different
in the population of active migrating species lead to theelectron affinities, are isolated from one another by a third
power-law dependence of growth of PSLC’s on time thattype of atom or molecule. It may also be necessary to intro-
characterized the decay of the P&twill then depend ort;  duce a low concentration of impurities to act as charge traps
andt, asRx[1—(t,/t;)"], wheren is the power-law expo- and nuclei for PSLC formation. The resulting defect charge-
nent. The time at which the transition to this temporal decayransfer material is exemplified by BRE salts and may
occurs will be much longer in the dark compared with thatg|so be sought among its isomorphs and other ternary layered
for PSL. salts; alternatively, such activity may be engineered by epi-

The phenomenon of recuperation also hints at the reasofyjal growth of suitable atomic or molecular multilayers.
for the initial differences in PSL decay curve shape seen in

annealed samples, Fig. 1. Heating the phosphor enables the The authors are grateful to the Royal Society and the Paul
recombination of charge trapped in PSLC’s and alters thénstrument Fund for financial support.
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