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Photostimulated luminescence and dynamics of AgI and Ag nanoclusters in zeolites
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The photoluminescence and photostimulated luminescence of Ag and AgI nanoclusters formed in zeolite-Y
are studied using fluorescence spectroscopy. The photoluminescence spectra of AgI nanoclusters show emis-
sion from both AgI as well as Ag nanoclusters which are present in small amounts in the AgI nanoclusters,
while in the photostimulated luminescence, only the emission of Ag clusters is observed. While the photolu-
minescence from both Ag and AgI particles displays subnanosecond and microsecond lifetimes, the emission
from photostimulated luminescence shows very short, picosecond lifetimes. A model which ascribes the pho-
tostimulated luminescence to recombination of electrons trapped in the zeolite with Ag in close proximity to
the trap site is proposed. The appearance of strong photostimulated luminescence with short decays in these
systems demonstrates that nanoparticles have potential for digital storage and medical radiology applications.
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I. INTRODUCTION

Silver and silver halide (AgX) clusters have been we
studied due to their applications in photography where
absorption of light results in the formation of small Ag clu
ters at the surface of the halide microcrystal. These clus
then catalyze the reduction of the entire AgX microcrystal
during the development process. In addition, silver and si
complexes encapsulated in zeolites may be used as ph
catalysts for a variety of reactions1 and as a medium fo
optical storage.2 Thus small clusters of these materials su
as nanoparticles may offer unique advantages for photo
sitive applications. Recently, both Ag and AgI nanopartic
encapsulated within zeolite-Y were shown to exhibit stro
photostimulated luminescence.3,4

Photostimulated luminescence~PSL! is a process in
which trapped charges are released by photons to pro
luminescence through recombination with other defect c
ters. This approach has been used extensively in x
radiology.5,6 The use of BaFBr:Eu21 phosphors, which dis-
play the PSL effect, for x-ray storage and imaging, h
proved to be one of the most successful detectors in dig
radiography.6 The photostimulated luminescence mechani
of BaFBr:Eu21 involving x-ray irradiation proposed by Ta
kahashiet al.assumes that during x-ray irradiation, the Eu21

ions are partly ionized into their trivalent charge state (Eu31)
and the liberated electrons drift via the conduction band
form F centers.5 Upon subsequent photostimulation, the ele
trons are released from theF centers into the conductio
band and recombine with Eu31 ions to produce the photo
stimulated luminescence of Eu21 at 390 nm. More recen
results, however, have attributed photostimulated lumin
cence in this system to the formation of a PSL comp
where the charge transfer occurs via a tunnel
mechanism.7,8

One of the applications of PSL phosphors is medical
aging storage.5,6 Such phosphors must posses the proper
of high density, high brightness, short decay lifetimes, s
able emission and stimulation energies, and low lig
scattering.9 The energy gap between the trap states and
0163-1829/2002/65~24!/245404~8!/$20.00 65 2454
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conduction band~trap depth! of the phosphors is critical to
the effective operation of the detector. The trap depth to
conduction band must be small enough so that stimula
with laser light is possible, yet sufficiently large to preve
random thermal release of the electrons from their tra
Generally, the trap depth should be larger than 0.5 eV
prevent thermal release or fading at room temperature
addition, the wavelength separation between the stimula
light for reading~corresponding to the color center absor
tion band! and the emitted light for monitoring must be su
ficiently large so that noise signals due to scattered read
light are easily avoided. Ideally, the phosphors should h
only one type of trap to reduce signal loss due to elect
migration among different traps.10 To data, there is no PSL
phosphor that meets all these requirements. The PSL p
phor used in commercial x-ray imaging systems
BaFBr:Eu21. However, the BaFBr:Eu21 phosphor suffers
from poor readout temporal resolution due to the long de
lifetime of Eu21 emission@0.8 ms ~Ref. 6!# as well as scat-
tering of the stimulating laser light from the platelike pol
crystals. In addition, the hygroscopic nature of this phosp
limits the stability of the system. Thus a new type of PS
phosphor with improved characteristics is desirable and
subject of extensive investigation.11–19

Due to quantum-size confinement, the luminescence e
ciency in nanophase materials may be enhanced relativ
bulk materials.20,21 In addition, the luminescence waveleng
is tunable with size.22 Light scattering is significantly re-
duced in nanoparticles compared with micron-sized partic
since the light scattering intensity is proportional to the d
crease of the particle size.23 Therefore, nanophase materia
may represent an efficient PSL phosphor for x-ray stora
The phenomenon of photostimulated luminescence fr
nanoparticles has recently been reported by sev
groups.3,4,15,24 In this article, photostimulated luminescenc
dynamics from both Ag and AgI nanoparticles encapsula
in zeolite-Y are reported. In principal, the photophysics fro
these two nanoparticles could be markedly different for A
is a semiconductor while Ag is metallic. Due to the prope
sity of silver halides to form small silver clusters on the
©2002 The American Physical Society04-1
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surfaces, studying both types of species together may fa
tate better understanding of the mechanisms responsible
the PSL observed in both systems. The photophysics
served in this study from both particles are indeed simi
The results show a significant reduction in the lifetime of t
PSL relative to the normal photoluminescence~PL! in both
particles. A model that attributes this result to the format
of a zeolite-Ag complex is proposed.

II. PREPARATION AND CHARACTERIZATION

The preparation of Ag and AgI clusters in zeolite-
~henceforth Ag/Y and AgI/Y! has been reported elsewhere.3,4

Briefly, Ag1 ions were first exchanged into the cages of
zeolite. The zeolite powder was slurried in de-ionized wa
with the acidity adjusted topH 6 with nitric acid. Silver
nitrate was added and the mixture was stirred at room t
perature for 2 h. The Ag1-ion-exchanged zeolite was co
lected by filtration and then washed with de-ionized wa
until no Ag1 was detected in the filtrate. Ag clusters we
formed in the zeolite cavities by vacuum heat treatmen
250 °C in the dark. To prepare AgI clusters, the result
Ag1-ion-exchanged zeolite powder was slurried in a sodi
iodide solution by stirring at 100 °C for 2 h, after which th
materials were collected by filtration and washed extensiv
with deionized water and finally dried and calcined at 250
in dark and in vacuum for 2 h. Previous work has shown t
these particles are between 1 and 2 nm in size, which co
sponds well with the size of the sodalite cages of the zeol4

The photoluminescence and photostimulated lumin
cence spectra were recorded on a SPEX FLUOROLOG
fluorescence spectrophotometer. A pulsed nanosecond op
parametric oscillator/amplifier ~OPO! ~Spectra-Physics
MOPO-730! operating at a 10-Hz repetition rate was used
collect the PL lifetime data. The output of the OPO w
frequency doubled in KDP to produce the PL excitation lig
The excitation light was directed onto the particles, a
emission was collected at right angles to the excitation
focused into a 1/8-m monochromator equipped with a st
dard photomultiplier tube. The photomultiplier tube outp
was directed into a digital oscilloscope to record the em
sion decays. The response time of the system was meas
to be about 15 ns full width at half maximum~FWHM!.

The PSL lifetimes were too short to be measured with
nanosecond OPO system. In this case, excitation was
vided by the output of a femtosecond regeneratively am
fied titanium:sapphire laser system operating at 1 kHz. T
150-fs pulses of this laser at 800 nm and 200 mJ were
rected onto the particles, and the emission was collecte
right angles and focused onto a streak camera~Hamamatsu
C5680!. Suitable bandpass and cutoff filters were used
collect the luminescence at different wavelengths. The t
resolution was determined to be about 14 ps FWHM usin
standard scattering material.

III. RESULTS

A. Photoluminescence and photostimulated luminescence
spectra of AgI nanoclusters in zeolite-Y

AgI nanoclusters encapsulated in zeolite-Y show stro
luminescence and photostimulated luminescence at r
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temperature. Figure 1 displays the excitation spectra
AgI/Y particles when monitoring an emission waveleng
corresponding to the emission maximum of Ag partic
~;510 nm!. The excitation peak at 265 nm is due to A
nanoclusters, while the excitation peak at 305 nm res
from Ag nanoclusters.4 Under UV irradiation at 254 nm, the
intensity of the AgI peak decreases, while the intensity of
Ag peak increases. The AgI/Y emission intensity recov
under subsequent illumination using a visible source. Si
silver halides are known to produce metallic Ag cluste
upon irradiation,4,25–27 it is not surprising to find significan
Ag particle luminescence from the AgI/Y particles. In add
tion, Ag is known to coexist with AgI in zeolite-Y.4 There-
fore, photoluminescence from Ag clusters is observed
AgI/Y particles even in non-UV-irradiated samples.

Figure 2 shows the PL spectra of AgI/Y following excita
tion at 305 nm~the peak of the Ag nanocluster absorption!.
The broad emission band actually consists of two subba
The first band results from AgI nanoparticle emission pe
ing at 474 nm and appears as a small, but discernable sh
der on the blue energy edge of the broad emission pea
Fig. 2. The second band results from Ag nanocluster em
sion centered at 510 nm.4 The luminescence decreases
intensity when the sample is irradiated by ultraviolet light
254 nm. This decrease can be partially recovered by exp
ing the sample to visible light. When AgI/Y particles a
excited at 275 nm~near the peak of the AgI absorption!,
there is a noticeable redshift in the PL spectrum4 relative to
excitation at 305 nm.

After UV irradiation for a few minutes, strong PSL can b
detected from AgI nanoparticles in zeolite-Y as shown
Fig. 3. PSL excitation is easily stimulated using near-infra
wavelengths.4 Figure 3 shows that the emission consists
most exclusively of Ag nanoclusters resulting in a narrow
band than the PL emission band, and the PSL emission b
is redshifted from the PL emission band.

FIG. 1. Fluorescence excitation spectra of AgI/Y before~a! and
after UV irradiation at 254 nm for 5~b!, 8 ~c!, 11 ~d!, and 15~e!
min, respectively.
4-2
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Additionally, after UV irradiation, an electron spin res
nance signal is detected~Fig. 4!. Theg value~2.002! of this
signal is close to that of theF center~2.0023!, indicating that
the signal is from electron centers28 created either in the
zeolite matrix or else in the nanoparticles themselves. Th
color centers could be the source of the electrons relea
during the PSL process.

The PSL longevity of AgI/Y nanoparticles was measur
by noting the change of PSL intensity with time. At roo
temperature, the PSL signal loses;25% of its intensity in 2
h and 50% in 5 h. This degradation is faster than that
BaFBr:Eu21 bulk PSL phosphors, whose decay is only 25
in 8 h.6 The loss of PSL intensity is related to the trap dep
and the sample temperature. Shallower traps and/or hi
temperatures reduce the storage time by allowing therm
activated electrons released from the traps to migrate via
conduction band. Those electrons that do not retrap u
mately lead to decreased PSL intensity. In this case,
F-center trap depth is likely less than in BaFBr:Eu21, lead-
ing to shorter storage times. Although the storage longe

FIG. 2. Photoluminescence spectra of AgI/Y before~a! and after
~b! UV irradiation at 254 nm for 5 min. After exposure to a visib
lamp for 5 min~c!.

FIG. 3. PSL spectra of AgI/Y after UV irradiation at 254 nm fo
10 min. Excitation at 840 nm.
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of AgI nanoparticles is less than BaFBr:Eu21, nonetheless,
viable optical storage is possible with nanoparticle-ba
systems.

B. Photoluminescence and photostimulated luminescence
spectra of Ag nanoclusters in zeolite-Y

Similarly, Ag nanoclusters in zeolite-Y are photosensiti
and exhibit strong photostimulated luminescence. Figur
shows the emission spectra of Ag/Y particles following e
citation at 310 nm. After UV irradiation at 254 nm for 1
min, the luminescence intensity decreases significantly@Fig.
5~b!#. The luminescence increases in intensity slightly wh
the sample is then irradiated at 840 nm@Fig. 5~c!#. The lu-
minescence increases further by exposure to a 650 nm
for 10 min@Fig. 5~d!#. The luminescence is almost back to i

FIG. 4. Electron spin resonance of AgI/Y before~a! and after
UV irradiation at 254 nm for 8 min~b! and 15 min~c!, respectively.

FIG. 5. The 310-nm excited photoluminescence spectra of A
before~a! and after UV irradiation at 254 nm for 10 min~b!, then
exposure to 840-nm photons for 10 min~c!, then 650-nm photons
for 10 min ~d!, and then to a visible lamp for 10 min~e!. Trace~f!
is the photostimulated luminescence spectrum stimulated
840 nm.
4-3
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FIG. 6. Lifetime decays of~a! photolumines-
cence~excitation at 305 nm! and~b! photostimu-
lated luminescence~excitation at 800 nm! in
AgI/Y nanoparticles. The inset in~a! displays the
PL lifetime at higher time resolution showing th
fast ~,15 ns! time component.
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original intensity after exposing to a visible lamp for an a
ditional 20 min@Fig. 5~e!#. After UV irradiation, strong pho-
tostimulated luminescence is observed from Ag nanoclust
which is shown in Fig. 5~f!. As in AgI/Y particles, the PSL
spectrum is slightly shifted to a longer wavelength from t
photoluminescence spectrum of the clusters. Similar
AgI/Y, Ag/Y particles show a marked decrease in PL af
UV irradiation. This decrease is almost completely reversi
following irradiation by photons between 650 and 900 n
Thus both materials may be considered for use as reus
image or digital storage media.

C. Photoluminescence and photostimulated
luminescence lifetimes

The photoluminescence and photostimulated lumin
cence decay lifetimes of AgI/Y are shown in Figs. 6~a! and
24540
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6~b!. PL and PSL luminescence lifetimes from Ag/Y particl
are shown in Figs. 7~a! and 7~b! for comparison. The insets
show PL spectra taken with higher time resolution and sh
the existence of two time regimes. The first is very fast, l
than the instrument response of 15 ns. The second regim
on the order of microseconds. Both the fast- and slo
lifetime components are observed at all emission wa
lengths.

The microsecond PL and subnanosecond PSL lifetime
gimes from both particles show multiexponential behavior
all combinations of emission and excitation waveleng
used in this study. This multiexponential behavior does
allow exact determination of all lifetimes and amplitude
however, there are some very clear trends which are sum
rized below and in Table I.

~i! PL from both Ag/Y and AgI/Y show both fast~,15 ns!
and slow~microsecond! components at all emission wave
e

FIG. 7. Lifetime decays of~a! photolumines-
cence~excitation at 305 nm! and~b! photostimu-
lated luminescence~excitation at 800 nm! in
Ag/Y nanoparticles. The inset in~a! displays the
PL lifetime at higher time resolution showing th
fast ~,15 ns! time component.
4-4
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lengths following excitation at either 275 or 305 nm. T
photoluminescence decay curves obtained at the differen
citation wavelengths show a small, but noticeable differen
Due to the multiexponential nature of the lifetimes, it is d
ficult to ascertain whether this difference is attributable
slight differences in decay times, different relative amp
tudes of the decay components, or a combination of b
factors.

~ii ! For both Ag/Y and AgI/Y particles, the longest P
lifetimes ~of the multiexponential decay! are noticeably
shorter at blue emission wavelengths than for red emis
following excitation at either wavelength. In addition, th
longest PL lifetime from Ag/Y particles is about 3 time
shorter than that from AgI/Y particles. The longest time co
ponent ranges from about 50 to 80ms in Ag/Y particles,
while in AgI/Y nanoclusters, the lifetime ranges from 175
about 200ms, depending on monitored emission waveleng

~iii ! The PSL lifetimes from both Ag and AgI show onl
fast components. The PSL lifetimes are fit with a biexpon
tial decay function convoluted with the instrument respon
function. The results show that the PSL lifetimes are sho
for red emission wavelengths relative to the blue emiss
wavelengths for both Ag and AgI particles. There is an
strument limited component at zero time which may be d
to extremely fast trapping of the excited electron as has b
observed in colloidal AgI nanoparticles.29 PSL lifetimes for
Ag/Y particles are longer than the corresponding lifetim
for AgI/Y particles. For Ag/Y particles the longest comp
nent of the biexponential fit varies from 160 ps at 460 nm
830 ps at 600 nm. In AgI/Y particles, this component rang
between 90 ps at 460 nm to about 190 ps at 600 nm.

IV. DISCUSSION

Any model proposed to explain these results must a
minimum explain the following observations:~1! Photolu-
minescence from Ag particles is observed following exci
tion at the absorption maximum of AgI in AgI/Y particles
~2! the observed photostimulated luminescence spect
from AgI/Y particles is composed almost entirely of lumine
cence from Ag particles,~3! despite the fact that Ag is a
metal and AgI a semiconductor, the PL and PSL lifetim

TABLE I. PL and PSL lifetimes of Ag/Y and AgI/Y nanopar
ticles. Values shown are the longest decay components of a m
exponential fit. Errors610%.

Ag/Y particles AgI/Y particles

Emission
~nm!

PL lifetimea

~ms!
PSL lifetimeb

~ps!
PL lifetimec

~ms!
PSL lifetimeb

~ps!
460 50 160 175 90
500 65 320 185 125
540 67 670 191 170
600 80 830 208 190

aExcitation at 350 nm.
bExcitation at 800 nm.
cExcitation at 275 nm.
24540
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from both particles are remarkably similar, and~4! in the PL
lifetime data of both particles, there are two distinct tim
regimes, while in the PSL lifetime data, there is only a fa
component. Shortened PSL lifetimes relative to PL lifetim
have been observed previously.12,19 In CaS:Eu, Sm phos-
phors, the PSL decay time of Eu21 is less than 14 ps,19

which is much shorter than the spontaneous emission
time of Eu21. Similar results have been observed
SrAl2O4 :Eu21, Dy31, where a factor of 3 shortening of th
PSL versus the PL lifetimes has been observed.12 In the
above cases this lifetime shortening has been explaine
resulting from fast retrapping or lattice relaxation12 or by
resonant energy transfer or rearrangement of the E21

levels.19

Ag photoluminescence from AgI/Y particles has been o
served previously.4 An ‘‘autoreduction’’ mechanism has bee
invoked to explain the appearance of Ag along with AgI
these nanoclusters.4 That is, the zeolite acts to reduce silv
cations incorporated in the zeolite cages during the nano
ticle fabrication process, to Ag particles. In addition, irrad
tion of AgI is known to produce small Ag clusters on th
surface4,25–27 and the PL results on AgI/Y indicate that UV
irradiation produces an increase in Ag luminescence con
rent with a decrease in the AgI luminescence. Therefore,
reasonable to conclude that there are small Ag clusters lik
on the surface of the AgI particles. The fact that excitation
AgI results in luminescence from Ag particles reveals th
energy transfer takes place between the two species as
been observed previously.4 The close proximity of the two
moieties would facilitate such transfer. Similar results ha
been reported for nanoscale silver oxide.30

Figure 3 demonstrates that PSL from AgI/Y particles
dominated by the luminescence from Ag particles. In ad
tion, both systems show extremely fast PSL decay tim
Although these decay times differ by about a factor of 3, th
do not show the large differences that might be expec
given that Ag is a metal while AgI is a direct-band-gap sem
conductor. The differences in PL and PSL lifetimes may w
reflect the different energetics between the two, but th
differences are not extremely pronounced. In addition, b
particles show identical PL and PSL lifetime behaviors i.
both fast and slow components in the PL versus only a
component in the PSL. These observations lead to the c
clusion that the PSL photophysics within AgI/Y particles
primarily determined by Ag clusters on the surface of t
AgI nanoclusters.

The PL lifetimes from both particles show multiexpone
tial behavior with two very distinct time regimes: a fa
~,15 ns! and a slow~50–100 ms! time scales. Two distinct
subsets either of Ag or AgI particles or environments with
the zeolite sample would produce such results. There
many possible explanations for the existence of these
time regimes.~i! The fast decay may be a result of diffe
ences in the strength of the transition moment of some s
cies relative to others. This could be the result of stron
interaction with the zeolite.~ii ! One subset may be from
clusters within the sodalite cages, while the other is fro
clusters within the supercages of the zeolite. Interactions
tween the Ag or AgI moiety and the different cage types

lti-
4-5
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the zeolite could result in two distinct subsets.~iii ! There
could be two different sizes or conformations of cluste
within the cages: for instance, one with a smaller num
of atoms~molecules! and one with a larger number.~iv! One
subset may have an extremely efficient nonradiative de
pathway available relative to the other species. Coupling
trap states in the zeolite or trapping of the excitations wit
the nanoparticle could account for the fast decay. The slo
decay would then be from a subset of particles which h
either different configurations or environments such that
ficient trapping does not occur.

To sort out these possibilities, it is important to note th
the size of the particles is consistent with formation on
within the smaller sodalite cages: no evidence of larger na
clusters residing in the supercages is present. Therefore,
unlikely ~ii ! is correct. Matrix isolated Ag clusters are know
to have different absorption and emission spectra depen
on size31–37 and conformation.37 If different sizes or confor-
mations produced the two distinct subsets, some PL emis
wavelengths should have all or mostly the fast-decay co
ponent and other wavelengths mostly the slow compon
Both components are observed at all emission waveleng
indicating that selective emission based on cluster size
conformation is unlikely to be the cause of the two tim
regimes. This casts doubt on explanation~iii !. Previous opti-
cal measurements of Ag clusters in zeolites have noted
the spectra are similar to Ag clusters in rare-gas matrice38

These interactions are considered weak,39 and therefore it is
unlikely that such interactions would lead to a drastic cha
in the electronic transition moment. Therefore, explanat
~i! may be ruled out. The conclusion that the fast-time de
arises from a subset of species that couple to efficient
sites either within the nanocluster themselves or within
zeolite framework, provides a plausible explanation for
observed results. Short excited-state lifetimes have been
served in AgI colloidal nanoparticles by femtosecond tra
sient absorption.29 These short lifetimes have been related
trapping and nonradiative electron-hole recombinat
within the nanoparticles.29 Trapping to states within the zeo
lite would also serve to shorten the observed lifetimes. E
cient electron trapping in the zeolite must occur in order
observe the photostimulated luminescence. In addition, t
ping may occur at other sites both within the zeolite or
nanoclusters. The slower, microsecond luminescence
originates from species that are not efficiently coupled to
trap states.

Figure 8 displays an energy level schematic that expla
the photophysics in these nanoparticles and the nature o
trap sites. In order to understand the observed results,
likely geometrical and chemical distribution of both Ag an
AgI clusters within the zeolite must be considered. After i
exchange, Ag1 cations are encapsulated into the zeo
cages. In the formation of AgI nanoclusters, reaction withI 2

anions produces AgI nanoclusters in the zeolite cages, w
there are still some Ag1 ions that coexist along with the Ag
clusters.4 In either case, the Ag1 ions are ‘‘autoreduced’’ to
Ag0 when the samples are heated in vacuum according to
following reaction:40
24540
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2Ag11ZO22→1/2O212Ag01Z,

where ZO22 represents a zeolite framework, andZ repre-
sents a zeolite framework with a missing oxygen link~oxy-
gen vacancy!, i.e., with a Lewis acid site. The autoreduce
Ag is most likely in close proximity and coupled to th
Lewis acid site forming an Ag-Z complex at the interface
Because this complex is at the interface of the particle
the zeolite, it will have additional trap sites~represented as
trap states in Fig. 8!, such as surface states, available as w

Excitation of AgI particles results in PL from either AgI o
else Ag via efficient energy transfer~Fig. 8!. This leads to the
slower, microsecond luminescence if the particle is not e
ciently coupled to the trap sites in the zeolite or nanoclus
The near-UV photons used in these experiments are no
pable of generating free electrons and holes in the zeo
framework. Hence Ag0 is likely ionized to Ag1 by UV irra-
diation (Ag0→Ag1) leading to both a source of electron
and a luminescent center, Ag1. The ionized electron may be
captured in the Lewis acid sites~oxygen vacancies! that are
the acceptors of electrons and/or in trap states of AgI or
nanoclusters. These electron centers are likely respons
for the electron spin resonance~ESR! signal. The trapped
electrons in the zeolite Lewis acid sites produce theF-center
near-infrared absorption required to stimulate PSL. Up
further irradiation with low energy photons, these electro
are released and may recombine with the Ag1 centers
through either tunneling or through the conduction ba
both scenarios have been invoked to explain PSL.5,7,8,13,18

The photoreleased electron may recombine with Ag1 to give
the emission of Ag0 as follows:

e1Ag1→Ag0* →Ag01hl,

wheree represents electrons released from the color cen
Ag0* is the excited state of the Ag cluster, and Ag0 is the
ground electronic state after emitting the photons (hl). As a
result, in either AgI/Y or Ag/Y particles, only PSL from Ag

FIG. 8. Energy level schematic depicting the various pho
physical processes in Ag/Y and AgI/Y nanoparticles. Solid lin
represent photon excitation, dashed lines represent luminesc
and dotted lines represent energy transfer between levels.
4-6
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particles is observed. The PSL emission displays only
fast decay due to the proximity of the nanoparticles with t
sites either within the zeolite or at the surface and interf
of the complex. Thus the PSL originates from the Ag-Z com-
plex at the interface of the nanoparticles and the zeo
Likewise, recent results of PSL from BaFBr:Eu21 phosphors
postulate that the PSL originates at interfaces defined
grain boundaries and dislocations.8 The subnanosecond P
lifetime component also likely originates from this comple

Not all Ag clusters will reside near a Lewis acid site in t
zeolite however. Nor is it likely that all AgI/Y particles hav
Ag clusters associated with them. Those clusters that do
have access to efficient trap states will, upon irradiation,
play the longer~microsecond! lifetime decays similar to tha
reported for AgBr nanoparticles.41 However, those clusters o
either Ag or AgI particles that have an Ag particle in clo
association with a Lewis acid site will have an extreme
short lifetime and become the luminescent center upon p
tostimulation. In addition, there may be other trap si
within the zeolite and migration may occur between them
has been postulated previously.10 The existence of additiona
trap sites and transfer between them only serves to sho
the lifetime further. This mechanism is similar to one pr
posed to explain PSL in a number of x-ray stora
materials.7,8,13,18 In this case, PSL complexes are form
which have the active luminescent center and electron tra
close proximity. Tunneling serves to connect the two spec
In the present case, the Ag1-Z site serves as a PSL comple
where excitation of the electron from its trap within the ze
lite results in transfer to the Ag1 center.

In addition to the fast and slow regimes evident in t
lifetime data, there is significant lifetime decay dispersi
with respect to emission wavelength in both the PL and P
In both cases, red emission wavelengths have slower lifet
decays than the blue wavelengths. This can be explaine
noting that small Ag clusters have different absorption a
emission wavelengths depending on size31–37 and
geometry.37 Sodalite cages in zeolite-Y are on the order
1.3 nm: therefore, only small Ag and AgI clusters may
inside. It is likely therefore that there exists a distribution
small cluster sizes or conformations within the cages. T
inhomogeneity could result in multiexponential decay lif
times as well as the dispersion of the lifetimes with wav
length. Thus red emission wavelengths may probe differ
sizes or conformations of the clusters relative to others.
fact that the PSL spectra from both particles is redshif
from the PL may be a result of certain cluster sizes or c
formations being more efficiently coupled to the zeolite ox
gen vacancies. The slight differences observed in the PL
J.
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cay curves depending on the excitation wavelength are
likely due to these different sizes or conformations. Differe
excitation wavelengths may allow partial photoselection
the size, conformation, or environment~proximity and/or
coupling to the zeolite! of the clusters.

Finally, PSL observed from AgI/Y particles is qualita
tively stronger than PSL from the Ag/Y particles. The PS
lifetimes are also shorter in AgI/Y compared to Ag/Y. It
unclear from the data whether these differences reflect
different energetics between the two particles or are a re
of other factors. Therefore, AgI/Y may be a better mater
for x-ray storage relative to Ag/Y. However, these short lif
times and strong PSL make both of these materials g
candidates for new phosphor screens because of the sig
cantly enhanced readout rates possible. These materials
also be useful for digital storage applications.

V. CONCLUSION

In summary, strong photoluminescence and photostim
lated luminescence are observed from Ag and AgI nanoc
ters formed in zeolite-Y. The PL lifetimes demonstrate t
existence of two subsets of nanoparticles: one with a lo
~microsecond! lifetime and the other with a much shorte
subnanosecond lifetime. In contrast, PSL lifetimes show o
a fast, picosecond lifetime. The origin of the photostimula
luminescence is ascribed to the formation of a PSL comp
between interfacial Ag1 and Lewis acid sites in the zeolite i
close proximity, while the PL originates from both the PS
complex and from nanoparticles which are not stron
coupled to the zeolite oxygen vacancies. The strong ph
stimulated luminescence with short decay lifetime dem
strates that nanoparticles have promising application in d
tal storage and medical radiology.
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