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Photoluminescence studies of Sfil in the stimulable phosphor SrS:Eu,Sm
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The doubly rare-earth doped phosphor SrS:Eu,Sm is representative of a class of stimulable phosphors that
may find application in optical data storage and related areas of photonic technology. The infrared photolumi-
nescencéPL) from the Sm* ions is a potentially useful probe of the “written” state of this phosphor, i.e., the
right-hand side of the charge-transfer reaction {EtSntt=EW" +Sn?t). In the present study, several
properties of the SAT PL from bulk ceramic SrS:Eu,Sm were examined, including the emission spectrum,
temperature dependence from 14 to 300 K, electron-phonon coupling, excitation spectrum, and excitation
intensity dependence. The full width at half maximum of the PL emission specti(fi), was found to
increase with temperature in a manner consistent with a linear electron-phonon coupling W¢@gl,
=W,[tanh@Q/(2ksT))]"¥? with W,=0.190 eV and coupled phonon enerfy=0.026 eV. Periodic oscilla-
tions in the PL spectrum dt<60 K provide direct evidence for coupling to two phonon modes, with phonon
energies();=0.0155 eV and2,=0.028 eV. The peak of the emission spectrum occurs at 0.709 eV at 14 K
and increases with temperature at a rate<1l9” * eV/K. The electron-phonon coupling model predicts that
the corresponding optical absorption peak, which is anti-Stokes shifted relative to the PL peak, should occur at
1.17 eV at low temperature, or 1.23 eV at room temperature. Previous measurements of the charge-transfer
excitation spectrum in SrS:Eu,Sm showed a peak at 1.25 eV, in good agreement with the model prediction. The
PL excitation spectrum from 1.7 to 6.2 eV was measurefi=ai4 K. Excitation peaks were observed at 2.08
eV, ascribed to absorption to a higher excited®Swstate; at 2.65 eV, ascribed to Euabsorption followed by
Eu—Sm charge transfer; at 2.92 eV; and at 4.49 eV, ascribed to interband excitation of the SrS.
[S0163-182698)03819-3

I. INTRODUCTION prises the reverse steps, ionization of a Sm center
(St —Sntt+e”) followed by electron capture at a Eu
The stimulable phosphor systeKS:Eu,Sm, whereX is center (Ed"+e~ —EW"). The overall charge transfer reac-
an alkaline-earth elemenX¢& Mg,Ca,Sr,Ba), is a prototype tion, written (E¢* +Sn?"=Ew*" +Sn?"), is driven to the
for a class of phosphor materials that may find application irfight by optical excitation in the “write” band and to the left
optical data storage applicatidnsuch as compact disk sys- by optical excitation in the “read” band. If the electron cap-
tems and digital photography, based on their optical memorjured by the Eu center in the “read” process undergoes ra-
properties. The mechanism for optical memory in a stimudiative recombination from a @ excited state,
lable phosphor is as follows. Initially, irradiation by light EW?*(4f®5d), to the (4f) ground state, Eti (4f"), then PL
within a specific wavelength range stimulates the transfer ofs emitted. The SrS:Eti(5d— 4f) PL emission spectrum is
electrons from one type of impurity, which will be called the a single broadband, centered-a2.03 eV (610 nm at room
activator, to another type of impurity, which will be called temperature.
the trap. The electron transfer from the activator to the trap is PL spectroscopy is a useful characterization method for
called the “write” process and the corresponding wave-stimulable phosphors. PL has been observed from three of
length range is called the “write” band. Then, after somethe four possible rare-earth ion charge states in SrS:Eu,Sm,
storage time, irradiation by light within another wavelengthnamely EG*, Sn?*, and SM*. The E§" PL is excited by
range stimulates the reverse electron transfer process, frolight in the “write” band as well as the “read” ban8The
the traps to the activators. This reverse electron transfer iBL spectrum of the SA ions, which is centered at almost
called the “read” process and the corresponding wavelengtithe same wavelength as the’£WPL spectrum but consists of
range is called the “read” band. At the conclusion of the groups of narrow (#—4f) lines, has been observed with
“read” process, electrons may undergo radiative recombinalV excitation*® PL from both the E&" and Smi" ions is
tion at the activator, resulting in photoluminescer(&) observed in the ground state of the charge-transfer system, in
emission from the material, which allows detection of thewhich all the Sm traps are depleted. On the other hand, the
“read” process. Sn?* PL can occur only when some of the traps are filled,
In the XS:Eu,Sm system, Eu is the activator and Sm is theand thus indicates that the system is in a partially or fully
trap2® The “write” process comprises ionization of a Eu “written” state. The Smi* PL should thus be especially use-
center (EG"—EU*"+e"), followed by electron capture at a ful as a probe of the dynamics of the optical storage process.
Sm center (SR +e~ —Sn?"). The “read” process com- The PL from the S ions in XS:Eu,Sm was first ob-
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served in an article by Kellr(in 1959. In this previous PL: first, a CW Ar laser operating at 2.41 ef614.5 nnj or
work, a broad infrared PL emission band was observed, witip 54 eV/(488 nm); second, a pulsed Nd:YAG laser operating
a peak at~0.73 eV(1700 nm), under conditions of simulta- at 1.165 eV(1064 nm, 2.33 eV (532 nnj, or 4.66 eV(266
neous visible excitatioftungsten sourgeand UV excitation nm); and third, a lamp-monochromator source, consisting of
(xenon arc lamp sourg¢@t T=77 K. The infrared PL could 5 400 W Xe arc lamp and a 0.22 m double monochromator,
not be observed at room temperature due to thermal quenchsy |ow-intensity wavelength-tunable excitation within a
ing of the PL intensity. To our knowledge, no further studies1 7_g.2 e\(200-720 nm range. The wavelength resolution
of the infrared Sm" PL in XS:Eu,Sm stimulable phosphors of the lamp-monochromator source, with 1200 line/mm grat-
were done after this initial report. In the present study, Weings and 2 mm slit widths, was 4 nm; the photon energy
expand on the work of Kellétby carrying out a more exten- resolution thus varied from 0.01 eV at 1.7 eV to 0.12 eV at
sive investigation of the properties of the SPL in bulk 2 ev. The At laser and lamp-monochromator source were
ceramic SrS:Eu,Sm. PL was excited by visible lasers at 2-3§hopped at 20 Hz with a mechanical chopper, and the
eV (532 nnj, 2.41 eV(514.5 nm, and 2.54 eM488 nm); an  Nd:YAG laser was pulsed at 20 Hz. Maximum intensioy
infrared laser at 1.165 eV1064 nm); and a wavelength- photon fluy incident on the specimen, averaged over the
tunable, monochromatized xenon arc lamp source. The tenkulse or chopper repetition period, was 2.9 Wic(7.5
perature dependence of the PL intensity, peak emission e 18 photons/sec/cAy at 2.41 eV and 2.6 Wictn (6.4
ergy, and spectral linewidth and line shape was measureg 18 photons/sec/cR) at 2.54 eV for the AF laser;
from 14 to 300 K. The xenon source was used to obtain the g \w/cn? at 1.165 eV (1.% 10° photons/sec/ch),
excitation spectrum of the S PL, atT=14 K, from 1.7 to 0.47 Wicn? (1.3x 108 photons/sec/cA) at 2.33 eV, and
6.2 eV (200 to 730 nm The dependence of the PL emission g 34 \w/cn? (4.6x 107 photons/sec/cRy at 4.66 eV for the
intensity on excitation intensity was measured at each of thgg-yAG laser. The maximum intensity of the lamp-
three visible laser wavelengths. Finally, the time dependencg,onochromator source was X606 W/cne. (The incident

of the PL was examined under conditions of visible lasefiensity values have uncertainties of roughly 20% due to the
excﬁaﬂonn followed by infrared laser excitation, and the ncertainty of the measured beam areas; the relative uncer-
Snf* PL intensity was found to decay slowly with time for tainty of different intensities within a single set of measure-
these conditions. , o ments is much smaller.

The present study confirms the principal results of the  pqor measurements of the PL emission spectrum, the time
earlier yvo_rk? the peak emission energy and linewidth of thedependence, and the low-temperature intensity dependence
PL emission spectrum at low temperature and the thermal ariation of emission intensity with excitation intensity
quenching of the PL from 77 K to room temperature. HOW-yyq pairs of mirrors were used to collect and focus the PL
ever, we observed that the SmPL is excited by steady- onto the entrance slit of a 0.6 m spectrometer with a 300
state irradiation at a single wavelength, either visible or UV jine/mm grating blazed at 2000 nm and slit widths set to 3
and that simultaneous irradiation at two wavelengths is Nofym. The PbS detector was attached to the spectrometer exit
needed. Also, the more extensive results of the present studgm, and an infrared longpass filter was used to reject wave-
combined with an improved understanding of the energy levigngihs below 1200 nm. The wavelength resolution of this
els and optical transitions of divalent rare-earth i6Rsup- spectrometer was 17 nm, corresponding to a photon energy
port a somewhat different model for the SmPL process  resolution of 0.007 eV at the peak emission energy of 0.7
than the model proposed by Kelfer. _ _ eV. For measurements of the PL excitation spectrum, the

The results of the present study confirm that the infrareqoom-temperature intensity dependence, and the temperature
Snt* PL is a probe of the “written” state of the optical gependence of the total PL intensity, this spectrometer was
storage system in a stimulable phosphor that contains Sm g%t ysed. Instead, the PbS detector was mounted near the
the trap species. It is hoped that this work will encouragecryostat, after the first pair of mirrors, and the infrared long-
further PL investigations of the dynamics of the optical stor-n5ss filter was placed in front of the detector.
age process in Sm-containing stimulable phosphors, incluof-) The wavelength variation of the response function of the
ing technolpgically important thin-film structures as well asspectrometer/PbS detector system, from 0.52 to 1.04 eV
bulk ceramics. (1200 to 2400 nm was determined by measuring the re-

sponse of this system to a 200 W tungsten-halogen lamp that
Il. EXPERIMENTAL PROCEDURE had g)een calibrated against a NIST irradianpe standard
lamp’” Knowledge of the system response function allowed

For this study, SrS was doped with 200 parts per millionus to normalize the PL emission spectra to dimensions of
by weight (ppmw) Eu and 200 ppmw Sm. Dopants were (number of emitted photom$unit photon energy interval
introduced as EuGland SmCJ. A sintering flux of 4 wt. %  The output power of the lamp-monochromator source, from
LiF and 2 wt. % LL,CO; was added to facilitate incorporation 1.7 to 6.2 eV, was determined by measuring the response of
of the Eu and Sm dopants into the host. The material waa NIST-calibrated Si photodiodf¥to this source. Knowledge
mixed by ball milling and fired at 1173 K fdl h in anitro-  of the source powefor photon fluy allowed us to normalize
gen atmosphere to form a solid ceramic specimen. The spedihe PL excitation spectrum to dimensions @umber of
men was mounted in a liquid-helium optical cryostat with emitted photong(number of exciting photons
fused-silica windows that provided temperature control from A lock-in amplifier provided phase-sensitive detection of
4 to 300 K. The infrared PL was detected by a PbS photothe PbS detector signal at the 20 Hz source modulation fre-
conductive detector with integrated preamplifier and thermoguency. Experiments were computer-controlled by a per-
electric cooler. Several light sources were used to excite theonal computer system, which scanned the wavelength of the
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0.6 m spectromete(for emission spectjaor the lamp- e w——
monochromator sourcgor the excitation spectrujand re-
corded the output from the lock-in amplifier. For slow time-
resolved measurements>1 s) of the PL intensity, which
were needed to observe the PL time dependence for “write”
(2.33, 2.41, or 2.54 e\ excitation followed by “read”
(1.165 eV excitation, the lock-in amplifier output voltage
was recorded as a function of time on a digital oscilloscope.

lll. RESULTS
T 2027K

e _2832K

PL Intensity

/\WOZ,AK |
1049K |

Sn?*t PL emission spectra at twelve temperatures be-
tween 13 and 301 K, excited by the Ataser at 2.54 eV,
with 0.16 W (3.9<10' photons/s) average power at the 05 06 07 08 09 10 1.1
specimen and 20 Hz chopping frequency, are shown in Fig.

1(a). The same set of spectra is plotted again in Figp),1 Photon energy (eV)
rescaled to equalize the peak intensity of each spectrum, in P S
order to better display the temperature dependence of the 1(
linewidth and line shape. As a function of increasing tem-
perature, the emission intensity decreases, and the peak emis-
sion energy and linewidth increase. In order to examine these
trends more quantitatively, a nonlinear least-squares curve
fitting procedure was used to fit each of the observed spectra
with a skewed-Gaussian line-shape function that has been
described previousl{* To illustrate the quality of the fits, in

Fig. 1(c) the fitted line-shape functionghick dashed lings

are plotted together with the observed spedttan solid

lines) at two temperatures.

The temperature dependence of the total, spectrally inte-
grated, SrA" PL intensity, measured at 23 temperatures be- 05 06 07 08 09 10 11
tween 12 and 297 K, is plotted in Fig(&. The excitation
conditions were the same for the temperature dependence
shown in Fig. Za) as for the emission spectra shown in Fig. . . . . .

1, except that the average laser power was reduced to 1.5 © #

mW (3.8x 10'° photon/s).(Lower laser power was needed

to obtain a good signal-to-noise ratio for measurements of

the spectrally integrated PL intensity than for measurements

of the emission spectrupnThe intensity (p), plotted on a

semilogarithmic scale in Fig.(8), is seen to decrease mono- m/\ 136K |
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tonically with increasing temperature. Two trial functions

were fitted to the observed temperature dependence. The first
function represents thermally activated quenching with a N
single activation energy, 1 027K L

Normalized PL Intensity

06 07 08 09 10 11

lol(T)=1p(0)/[1+A exp(—EalksT)]. (1) o2
Photon energy (eV)
The best fit of Eq.(1) to the data, withA=420+270 and
EA=0.094+0.015 eV, is shown as a dashed line in Fifn)2 FIG. 1. (a) Srs:Sni* PL emission spectra at twelve tempera-
The second function represents a sum of two thermally actitures between 13 and 300 K, excited by ari Aaser at 2.54 eV, 20
vated quenching processes, Hz chopping frequency, and 0.89 W/€rtime-averaged excitation
intensity. Spectra are offset vertically to improve visibilitl) PL
Ip(T)=1p(0)/[1+ALl exgd —Ep; /kgT) emission spectra, same set of data as in Fig), 3nultiplied by
scale factors chosen to equalize the peak intensit@PL emis-
+A2 exd —Eaz/kgT)]. 2 sion spectra at two temperatures, illustrating curve-fitting results.

The experimental data are shown as solid lines and the fitted

The best fit of Eq(2) to the data, withA1=3.3+1.0, En, skewed-Gaussian line-shape functions are shown as dashed lines.

=0.016:0.004 eV, A2=2600+1000, and E,,=0.132

+0.010 eV, is shown as a dash-dotted line in Fig).2t is three distinct activation energies, was found not to fit the
apparent from inspection of Fig(& that Eq.(2) fits the data  data significantly better than E(R). The function of Eq(2),
significantly better than Eq1); the weighted sum of squared with two activation energies, thus appears to provide a good
errors (SSB, which is a quantitative measure of the devia- description of the temperature dependence of the intensity.
tion between the data and the fitted function, is 18 times [The uncertainty in a parameter suchBg is defined as
larger for Eq.(1) than for Eq.(2). A third trial function, with  the deviation from the best-fit value that causes a statistically
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lies within the rangeXy= Ax). This definition of the uncer-
tainty in the value of a fitted parameter is used throughout
the present study.

The peak energies and full widths at half maximum
(FWHM) of the PL emission spectra, taken from the fitted
line-shape function$as shown in Fig. (£)], are plotted as
functions of temperature in Figs(t and Zc), respectively.

In Fig. 2(b), the peak energy is seen to increase as a linear
function of temperature,

Ep(T)=Ep(0) +E;T, (3

with Ep (0)=0.709-0.002eV and E;=(1.9x0.2)
X 10~* eV/K. The fit is shown as a dashed line.

Figure Zc) shows the temperature dependence of the
FWHM of the PL emission spectrum. The FWHM is seen to
increase with temperature above 50 K. The temperature de-
pendence of the FWHMW(T), was fitted by a function
derived from an electron-phonon coupling madeliscussed
in the next section,

W(T)=W(0)[tanHQ/(2kgT))] 2 (4

with  W(0)=0.190+0.004 eV and (1=0.026+0.001 eV.
The fitted function is shown as a dashed line.

An oscillatory fine structure, not accounted for by the
fitted skewed-Gaussian line shapes, occurs in the lower-
temperature spectra in Fig. 1. To better display this fine
structure, the fitted line-shape functions were subtracted
from the experimental data. The results of this subtraction
are shown in Fig. @) for the five spectra recorded at tem-
peratures between 13 and 103 K. The amplitude of the oscil-
latory structure decreases rapidly with increasing tempera-
ture.

The frequency content of the oscillations shown in Fig.
3(a) was determined by Fourier analysis. The Fourier trans-
forms of the spectra from Fig.(8 are plotted in Fig. &).

The oscillation period, or inverse of the Fourier frequency,
has units of eV, and the Fourier frequency thus has units of
(eV)~ 1. Significant frequencies in Fig(B) are indicated by
arrows labeled A” to “ E.” Arrows A, B, andC point to

the observed peaks in the transform spectra, with frequencies
of roughly (0.0155eV)!,  (0.028eV)?!,  and
(0.100eV)y !, Peaks A at (0.0155eV)! and B at
(0.028 eV) ! are prominent at the lowest temperatures, but

FIG. 2. (a) Total, spectrally integrated SrS:SfiPL intensity as e come unobservable at temperatures higher than 60 K. Peak
a function of temperature, plotted on a semilogarithmic scale. Datzt at (0.100 evyl persists to higher temperature than peaks
points are plotted as vertical error bars, the fitted functigriT) A and.B Arrow D indicates a Fourier frequency of
=lo/[1TA exp(-Ea/kgT)] is plotted as a dashed curve, and ( gg evy L, which corresponds to the parameti0.026
the  fitted ~function 1p(T)=lo/[1TALexpCEn/keT) oy from Eq.(4). Arrow E indicates a Fourier frequency of
A2 ?Xp(_EAZ/ keT)] Is plc’tte.d as a dash-dotted curv@) Peak (0.0352 eV) , which corresponds to the longitudinal opti-
energies of SrS:SfA PL emission spectra vs temperature. DataCal (LO) phon(,)n the highest-energy vibrational mode of the

points are plotted as circles with error bars; the lineaEf{(T) 13 . . .
= Eq+ E4T s plotted as a dashed linfe) Full widths at half maxi-  S'S_lattice’? The interpretation of the Fourier transform
spectra will be discussed further below.

mum (FWHM) of SrS:Sm" PL emission spectra vs temperature. e

Data points are plotted as circles with error bars; the fitted function 1 N€ €xcitation spectrum of the S PL at T=14K,

W(T)=W,[tanh€/2ksT)]~ 2 is plotted as a dashed curve. from 1.7 to 6.2 eV, is shown in Fig. 4. This spectrum was
excited by the lamp-monochromator source, as discussed

above. The function used to fit the excitation spectrum,
shown as a solid curve, is a sum of four Gaussian peaks and
a quadratic background component. The relative excitation
efficiencies (peak heights the peak energies, and the
FWHM's of the fitted peaks are listed in Table I.

significant increase in the SSE, specifically S&E(
+AX)/SSEKy) =(N—P+4)/(N—-P), wherexg is the best-
fit value of parametex, Ax is the uncertainty irx, N is the
number of fitted data points, ari®l is the number of adjust-
able parameterfe.g.,P=5 in Eq. (2)]. With this definition, The dependence of the PL intensity() on visible-laser
the calculated uncertaintkx should represent ac2devia-  excitation intensity (.,) was examined at low temperature
tion; i.e., there is a 95% probability that the actual valug of and room temperature. The low-temperaturé=@0 K)
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I(observed) - I(fitted)
| |
T T
Excitation efficiency

- MWMW 1024K 1 2.0 3.0 40 50

— Photon energy (eV)
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— 1 ' 1 T
05 06 07 0.8
FIG. 4. SrS:Sf" PL excitation spectrum, measured &t
=14 K, excited by a lamp-monochromator source. The displayed
spectrum is normalized to dimensions @iumber of emitted
photong/(number of incident photonsData are plotted as squares;
the fitted function, a sum of four Gaussian peaks and a quadratic
background, is plotted as a solid line; and the background is plotted
as a dashed line. The efficiencies, peak energies, and FWHMs of

the fitted Gaussian peaks are listed in Table I.

Photon energy (eV)

tistical uncertainty of the fit, the second quoted uncertainty
arises from the measurement of the excitation beam area.

For excitation with the CW A¥ laser, the well-defined
saturation behavior described by H§) was not observed,
but the power dependence was found to be sublinear, sug-
gesting that saturation effects are present in this case also.
The Ar" data were fitted by power-law functiorisiashed
curves in Fig. 5]

Transform intensity

1/ Energy (eV™-1)

FIG. 3. (a) Difference spectra obtained by subtracting th§fitted lp(le) = k(1 e” (6)
skewed-Gaussian line shape functions from the measured StS:Sm . o
PL spectra at temperatureg between 13 and 103 K. Note the oscwlth power-law exppngnﬁ=0.77 for excitation at 2.41 eV
latory structure in the lower-temperature spectba.Fourier trans- and 8=0.85 for excitation at, 2.54 ,eV'
forms of the difference spectra shown(@. Arrows A, B, andC The room-temperature intensity dependence data are
show oscillations with Fourier frequencies of (0.0155 e¥)) shown in Fig. $). To compensate for the weak PL signal in
(0.028 eVy'%, and (0.100 eV)?!, respectively. The Fourier fre- these measurements, the PL was spectrally integrated in the
quency is the inverse of the oscillation period. Arr@shows the ~ Same manner as for the excitation spectrifig. 4). Less
Fourier frequency of the parametfr=0.0259 eV obtained from Saturation is apparent at room temperature than at low tem-
the fit to the FWHM datdFig. 2(c)]. Arrow E shows the Fourier ~perature, i.e., the intensity dependencies are closer to linear
frequency of the 0.0352 eV SrS longitudinal opti¢eD) phonon  within the examined range. The intensity dependence for
mode. 2.33 eV Nd:YAG excitation was fitted by E@5) with |4

=(1.10+0.23+0.22)x 10'8 photon/s/crd  (solid  curve.

intensity-dependent data, measured at an emission energy Mote, however, that all the data points lie in the ramhge
0.73 eV, near the peak of the emission spectrum, are shows |, which casts some doubt on the reliability of the fit. To
in Fig. 5@). For excitation with the pulsed Nd:YAG laser at accurately determink,,;, the measurement range should en-
2.33 eV, the PL appears to saturate at high excitation intereompass intensities both less than and greaterlthan The
sity. (It should be emphasized that all the excitation intensi-intensity dependence for Arlaser excitation, at both 2.41
ties shown in Fig. 5 are time-averaged intensities, with reand 2.54 eV, was fitted by a single power-law function with
spect to the pulsed laser or mechanical chopper duty cyclgyower-law exponeng=0.92 (dashed curve
rather than peak intensitigsThe intensity dependence for  Sn?" PL was also excited by the Nd:YAG fundamental at
Nd:YAG excitation was fitted by the functiofshown as a 1.165 eV. With 1.165 eV excitation, however, the PL inten-

solid curve in Fig. 89)], sity was found to decay on a time scale of seconds to min-
utes. The infrared PL became too weak to observe after pro-
It (le) = pL(9) ax/ (I sart o) s (5) longed 1.165 eV excitation, but was restored after a brief

period of visible(2.33, 2.41, or 2.54 eMaser excitation. To
wherelp () is the saturation value of the PL intensity, and quantify this behavior, the specimen was first irradiated for
lsat IS the excitation intensity at the knee of the saturationseveral minutes by the 2.33 eV laser beam, to saturate the
curve. The fitted value ofly is (5.8-0.8-1.2) Sn?' population, then the 2.33 eV beam was blocked and
X 10'® photons/s/crh The first quoted uncertainty is the sta- the specimen was irradiated by the 1.165 eV beam. The av-
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TABLE I. Fitted efficiencies, peak energies, and full widths at half maxintBdvHM) of the component
peaks of the SAT PL excitation spectrum, measuredTat 14 K. Peak energies and FWHM'’s are given in
both photon energyeV) and wavelengtiinm) units.

Peak
Efficiency Peak photon wavelength
Peak no. (relative energy(eV) FWHM (eV) (nm) FWHM (nm)
1 0.939 2.076:0.006 0.186:0.016 597 52
2 0.687 2.65%0.050 0.698& 0.097 468 123
3 0.439 2.91¢0.018 0.22%0.062 425 33
4 1 4.492:0.016 0.35%30.041 276 22

erage excitation intensity was 0.35W/m (9.4  sion spectrum, was measured by a lock-in amplifier and re-
x 10Y photon/s/cr) at 2.33 eV and 1.6 W/ct (8.9  corded on the digital oscilloscope. The time decay of the PL
X 10'8 photon/s/crf) at 1.165 eV, and the specimen tem- is shown in Fig. 6 for time$>1s, wheret=0 corresponds
perature was 14 K. The time dependence of the PL intensit{o the onset of the 1.165 eV laser irradiati¢fihe measured

at an emission energy of 0.73 eV, near the peak of the emidime dependence at timeés:1 s, not shown, was dominated
by the instrumental response of the lock-in amplifi€ecay

TE+0 F—tronl vl v avil g curves similar to the one shown in Fig. 6 were obtained for
ENE) F initial irradiation at 2.41 or 2.54 eV, followed by irradiation
] T=20K 2508y A7 [ at 1.165 eV.
1E-1 3 A F
o
E? 241eV F
S H IV. DISCUSSION

The large FWHM of the SAT (5d—4f ) PL spectrum
(Fig. D) and the temperature dependence of the FW.
3 2(c)] are indicative of strong electron-phonon couplifdn-
: deed, the (4" 1)(5d) to (4f") optical transitions of diva-
i lent rare-earth ions in crystal$,including the E&" ion® in
XS:Eu,Sm, generally show strong electron-phonon coupling.
We will use a simple, semiclassical model, where the
electron-phonon coupling is pictured as a change in the local

2.33 eV,
pulsed

PL Intensity (arb. units)
<

LR | LR AL T
1E+15  1E+16  1E+17  1E+18  1E+19
Exc. intensity (photon/s/cm”2)

140 ol vl Cennd o atomic configuratiointeratomic distances and bond angles
ENC) S aley dm" E around the PL center, to analyze the line shape and tempera-
{ T=300K 2saev A f ture dependence of the PL spectrum. The key assumptions

are that the electron-phonon coupling is one-dimensional
(the dependencies of the electronic energy levels on the local
atomic configuration are represented by functions of a single

PL Intensity (arb. units)
%

162 4— T T BT BT
1E-3 3 L — ] T=14 K
: £
S o,
l o 1E3 4 T L
1E-4 ~—rrrrmr—— = E \‘“‘\,.,
1E+15  1E+16  1E+17  1E+18  1E+19 = ]
. . > T "‘"J
Exc. intensity (photon/s/cm”2) £ 1 ot
S B4 3 TR L
FIG. 5. (a) Excitation intensity dependence of the SrS%SrRL = E
intensity atT=20 K, plotted on a double-logarithmic scale. The PL .
was measured at 0.73 eV, near the peak of the emission spectrum. 1S
Data points are plotted as vertical error bars for 2.33 eV pulsed T
Nd:YAG laser excitation, as squares for 2.41 eV CW'Aaser Time (sec)
excitation, and as triangles for 2.54 eV CW "Alaser excitation.
The functionlp (1 o) = p ()l ex/ (Isart 1) fitted to the 2.33 eV FIG. 6. Time dependence of the SrSZnPL intensity for

Nd:YAG data, is shown as a solid line. Power-law fits to the 2.411.165 eV laser excitation after an initial period of 2.33 eV laser
and 2.54 eV Af data are shown as dashed and dash-dotted linesxcitation. The time-averaged incident intensity was 0.35 \/am

(b) Excitation intensity dependence of the SrS?SiRL intensity at  2.33 eV and 1.6 W/chat 1.165 eV, the temperature was 14 K, and
T=300K, plotted on a double-logarithmic scale. Data and fittedthe PL was measured at 0.73 eV, near the peak of the PL emission
functions are plotted in the same manner a&jn The dashed line  spectrum. The time-dependence curve is plotted on a double-
represents a unified power-law fit to both the 2.41 eV data and th&ogarithmic scale, where=0 corresponds to the onset of 1.165 eV
2.54 eV data. laser excitation.
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2.0 q excited zero-phonon energy)(T) (defined as the electronic energy
m(t;))ﬁ " difference between the ground and excited states of the PL

center, in the absence of electron-phonon couplarg the
peak of the PL emission spectrufy (T),

Stokes shift
0.252 eV

Ep(T)=U(T)—-Es. (7)

(We write Ep (T) andU(T) to emphasize that the peak en-
ergy is a function of temperature, as shown in Fig)2
According to the model, if the coupled phonon enefg)

absorp.
0.709 |[1.213

0.5 1 eV eV

Electronic energy (eV)
5
|

ground

gtglégs s\f/ﬂft state and the low-temperature value of the FWHNV(0)] are
00 Y-2B2EL. ey known, then the Stokes shift is given by
— 2
Q (configuration coordinate) Es=[W(0)]7/[8 In(2)Q]. (8)

: ; Substituting the values W(0)=0.190-0.004 eV and
FIG. 7. Energy-level diagram for linear electron-phonon cou- . .
pling model of ?rile lowest %6<ﬁ4f) optical transitiopns of the =0.028-0.001 eV into Eq. (8) yields Es=0.233
SIS'SM* center. +0.011 eV; substitutingzp (0)=0.709+0.002 eV andEg
into Eq.(7) yieldsU(0)=0.942+0.011 eV. Another impor-
“configuration coordinate,” denotedd) and linear (the tant model parameter is the electron-phonon coupling
ground-state and excited-state energies are quadratic funétrength §), a dimensionless number that represents the av-
tions of Q with the same curvature, hence the differenceerage number of phonons created during lattice relaxation
between the ground- and excited-state energies is a line&Hbsequent to the electronic transition. The coupling strength
function of Q). An energy-level diagram for this model is IS given in terms of the other parameters by
shown in Fig. 7. ) )
The energy of the coupled phon@) can be determined S=Es/Q=[W(0)]*/[8In(2)Q~]. 9
from the temperature dependence of the FWHM of the Plerom the above results, the value 8fis found to be 8.3

spectrum [W(T)], according to Eq.(4). The value Q) .05 whenSis small, the PL spectrum is expected to show
=0.026+0.001 eV was obtained by fitting Eq4) to the 55 gpservable zero-phonon life narrow peak at the zero-

W(T) data. Another way to determine the coupled phonom,honon energy WhenSis large, typically greater than 5, as
energy(or energieis from the spacing of the phonon rep- i the present case, the zero-phonon line is expected to be
lica peaks that may appear in the PL spectrum, especially 5 \weak to observe.

low temperaturé? We attribute the oscillations in the low- Another prediction of the model is that the peak energy

temperature spectrum of the SrS&Bmcenter, which are for gptical absorption from the ground to the excited state of

prominent in the subtracted spectra shown in Fi@),30  the PL centerE,,(T), is shifted up from the zero-phonon
such phonon replicas. The Fourier analysis of the |°W'energy by the Stokes shifis (see Fig. 7

temperature spectra, Fig(k8, shows that the phonon repli-
cas arise from two distinct coupled modes, with energies Ed T)=U(T)+Eg=Ep(T)+2Es. (10
(equal to the spacings between the pg¢aRs=0.0155 eV
and(),=0.028 eV. The energy of th@, mode lies between The absorption peak is thus predicted to occur at 1.175
the transverse opticalTO) and longitudinal opticalLO) ~ +0.022 eV atT=0K, or 1.232:0.023 eV (1006 19 nm)
phonon energies in SrS, which were determined to bé&tT=300 K (room temperatuje One experimental probe of
0.02405 and 0.0352 eV, respectively, by far-infrared absorpthe ground-to excited-state absorption of the’Sions is the
tion spectroscopy® the ), mode thus probably has an IR-stimulated “read” process, SmEu electron transfer fol-
optical-phonon-like character. The similarity of the energiedowed by photon emission from the regenerated Eions.
of the 2,=0.028 eV (determined from the phonon replica The peak of the room-temperature “read” excitation spec-
spacing andQ = 0.026 eV(determined from the temperature trum has been experimentally determitfedo occur at
dependence of the FWHMphonon modes suggests that 1.253+0.014 eV (98% 11 nm), in good agreement with the
these are really the same mode, observed by two method§yS:Sm" optical absorption peak predicted by the linear
the spectroscopic determination of the energy, from the repelectron-phonon coupling model. In addition to supporting
lica spacing, is expected to be the more accurate determine validity of the model, the accuracy of this prediction also
tion. shows that the initial state for the “read” process is the same

The observation of two coupled modes indicates that th@s the excited state of the SrS:SnPL center.
electron-phonon coupling is more complex than assumed by The linear increase oEp (T) shown in Fig. 2b), and
the one-dimensional model. For simplicity, however, we will represented by the coefficief; =1.9X 10 % eV/K in Eq.
continue to analyze the results in terms of the one<{3), is not predicted by the electron-phonon coupling model.
dimensional model. We will assume that the higher-energyrhis increase is attributed to a reduction in the crystal field
(€2,) phonon, which apparently controls the thermal broad-around the SAt ion with increasing temperature due to ther-
ening of the PL, also determines the magnitude of the othemal expansion of the latticeThe reduction in the crystal
electron-phonon coupling effects, to be discussed. field causes an increase in the energy of the lowe$t)(4

A key parameter of the electron-phonon coupling modelx(5d) excited state, and thus in the zero-phonon energy
is the Stokes shiftEg), which is the difference between the U(T) and in Ep (T) and E,{T). (See, for example, the
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energy level diagram in Fig. 2 of Ref.)8This model pre- whereas for SrS:St we find Q2 =0.028 eV, S=8.3, and
dicts the correct sign for the temperature coefficient E<s=0.232 eV.(The zero-phonon line is observed in the PL

The thermally activated quenching of the PL, shown inspectra of the Bt centers; we thus definEg for these
Fig. 2(a), is also ascribed to the electron-phonon coupling.centers as the energy difference between the narrow zero-
Qualitatively, there is assumed to be an energy barrier t®honon line and the peak of the broad multiphonon band.
nonradiative recombination, which can be overcome, at suf- \We suggest two possible mechanisms for the increased
ficiently high temperature, by the absorption of thermallyStokes shift in SrS:SA as compared toX(S,S@:EW7".
generated phonons. As pointed out above, the experimentgirst, the energies of thecborbitals of the St* ion may be
Ip(T) data are fit much better by a function with two dif- degenerate with the SrS conduction band. This degeneracy
ferent activation energies for thermal quenchifig. (2)],  will cause delocalization of the outer electron in the excited
Ea1=0.016+0.004 eV andE,,=0.132£0.010 eV, than by  state of the PL center, which nominally has the electronic
a function with a single activation enerd¥q. (1)]. We  configuration S (4£%)(5d). Therefore, the change in the
speculate that there is a correlation between the occurrenegectronic charge distribution from the ground to the excited
of two coupled phonon moded);=0.0155eV and{;  state will be larger than in the absence of the degeneracy
=0.028 eV, as seen in the Fourier transform analysis of thevith the conduction band. The larger change in the charge
phonon replicagFig. 3b)], and the observation of two acti- distribution from the ground to excited state may, in turn,
vation energies in the thermal quenching data, because eaghuse an increase in the electron-phonon coupling. Second,
coupled phonon mode may give rise to a distinct thermallythe incorporation of Sf ions in a II-VI host crystal re-
activated nonradiative recombination process. quires a charge compensation mechanigAs discussed

A formal prediction of the activation energy for nonradi- above, the stable Sm charge state is believed to b& Sm
ative recombination is obtained from the linear electron-rather than SAYT.) The compensating defects or impurities
phonon coupling modelassuming, once again, that th,  may form complexes with the Sm ions, and the electron-
phonon mode is the strongly coupled mpdy attributing  phonon coupling may be stronger for the electronic transi-
the nonradiative recombination process to the crossing of thfons of the complex than for the corresponding transitions of
ground-state and excited-state configuration coordinatgn isolated SA ion.
curves(see Fig. 7. The activation energyHa moge) is then There is a correlation between the thermal quenching of
predicted to be the energy difference between the minimunthe steady-state PL intensity and the saturation behavior seen
of the excited-state curve, and the energy where the tweh the excitation intensity dependence curves, as shown in
curves cross, which is Figs. 5a) and §b) and modeled by Eq(5). Below satura-

tion, the steady-state PL intensifyp (T)] is expected to
Eamode=[U(0)—Eg]?/(4E5)=0.54 eV.  (11)  vary with temperature in proportion to the ratig /[ v,
+v,(T)], where v, is the radiative recombination rate

The activation energy predicted by E@.1) is about four (which is temperature-independent in most systerasd
times larger than the observed activation energy of the domip (T) is the thermally activated nonradiative rate. On the
nant nonradiative procesS,,=0.132£0.010 eV. However, other hand, the saturation value) of the excitation inten-
it is well known that the simple, linear electron-phonon CoU-sity (I, is expected to vary in direct proportion to the total

pling model does notin most casesaccurately predict the recombination rate, + v,(T), as indicated by the rate equa-
activation energy for nonradiative recombination, becausgon model for saturation of a two-level system,

this model neglects anharmonic terms in the potentials
U_(Q), V\_/hich_ may greatly increase the overlap between the Mexl == INgel t= 0l o= [V, + v T) INgy,  (12)
higher vibrational levels of the ground and excited electronic
states, and thus reduce the nonradiative activation efflergywherel , is the excitation intensity (photons/éfs), o is the
(If the anharmonic terms were known, then a more accuratabsorption cross section of the two-level systern),is the
prediction of the activation energy could be obtained from aground-state population, ang, is the excited-state popula-
full guantum-mechanical calculation. tion. Thus, as a function of temperatute,(T) should vary

It is interesting to compare the electron-phonon couplingn inverse proportion td 5 (T) (excited below saturatign
at the SrS:SAT center with the electron-phonon coupling at From the curve fitted to thie (T) data[Eq. (2)], the ratio of
the E4* center in MgS, CasS, or CaSe, which has been prethe PL intensity atT=300K to the PL intensity afT
viously studied® The PL is believed to arise fromf4-5d =20 K is|p (300 K)/1p (20 K)=(18.5)" . From the discus-
transitions both for theX(S,Se:EW" centers and for sion following Eq.(5), the corresponding ratio of the satura-
SrS:Sm*. A priori, one might expect the magnitude of the tion intensities isl (300 K)/1,(20 K)=19+5; these two
electron-phonon coupling to be similar for the #uand ratios are inversely proportional, just as the rate model pre-
Snt* centers because of the similarity of the electronic trandicts.
sitions and the host crystals. However, the electron-phonon The PL excitation spectrum, Fig. 4, provides information
coupling was actually found to be significantly smaller for about the S excited states and other electronic excited
X(S,Se:EW*" than we find for SrS:SAT. From Figs. 2 and 4  states of the SrS:Eu,Sm system. The peak at 2.08 eV is as-
of Ref. 15, the coupled phonon ener@y), coupling strength  cribed to a higher SAT excited state. A peak at 2.1 €890
(S), and Stokes shift Es) are estimated to be() nm) was observed in the “read” excitation spectrdfnfor
=0.0409 eV, S=2, and Eg=0.082 eV for MgS:E&"; Q electron transfer from Sm to Ce ions, in the SrS:Ce,Sm op-
=0.0335eV,S=3, andEs=0.100 eV for CaS:E&i; and tical storage system. A peak at similar energy, 1.93 eV, was
0=0.0174 eV, S=5, and Es=0.087 eV for CaSe:Ei; observed in the optical absorption specttdmf SrS:Sm™.
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The broad peak at 2.65 elér 468 nm, with FWHM of 0.7  light contradicts the model, which holds that a photon energy
eV (or 120 nm), is ascribed to optical absorption by the’tu  of 1.165 eV is too low to excite the IR luminescence.
ions, followed by Eu-~Sm electron transfer, i.e., the “write” Most of the experimental results reported in Ref. 6 are
process. The energy and width of this peak are similar to theonsistent with the results of the present study and other
parameters previously reported for the dominant peak in theecent work on optical storage systems. In Ref. 6, the
“write” excitation spectrum?'*¥The origin of the 2.92 eV  Sn?* PL was excited by simultaneous irradiation with 2.1
peak is not known; this peak may arise either from &@Sm eV light and 4.4 eV(above-band-gaplight. This is consis-
excited state or from a Ell excited state. The UV peak at tent with our excitation spectruiffFig. 4), which shows effi-
4.49 eV is ascribed to SrS interband excitations, which magient excitation at both energies. Furtaccording to Ref.
be either excitons or electron-hole pairs. The energy of thi$), when the 4.4 eV light is switched off and the 2.1 eV light
peak is similar to the energy of the lowest interband absorpis maintained, the infrared PL intensity “slowly decays to
tion peak in the powder absorption spectrum of undoped Sr&ero” in a time of “the order of minutes.” This indicates
which was founi to be ~4.6 eV. To summarize, the PL that the “read” procesgnet conversion of SA to Sn#t)
excitation spectrum shows peaks due to optical absorption byas induced by the 2.1 eV light, just as was observed in the
the Snt* ions (correlated with the “read” procegsabsorp-  present studyFig. 6) for irradiation by 1.165 eV light. Other
tion by the EG" ions followed by Eu->Sm electron transfer work'® has shown that 2.1 eV light can induce the “read”
(the “write” process, and above-band-gap excitation of the process. The only experimental difference between the re-
SrS host crystal. sults of the present study and the results reported by Keller is
As shown in Fig. 6, the Sfil PL can also be excited at that according to Keller “when thé4.4 eV] light is main-
1.165 eV, which is close to the infrared “read” excitation tained but thd2.1 eV] light is removed, there is no infrared
peak at 1.25 eV. For intense laser excitation at 1.165 e\emission,” but our excitation spectrum shows efficient exci-
subsequent to visible laser excitation, the?SmL was ob- tation of the SrA* PL at 4.4 eV without simultaneous irra-
served to decay with time on a scale of seconds to minutegliation at a second wavelength. Further work is needed to
The form of the time decay is approximatelft)<t~%5un-  explain this discrepancy.
der the particular excitation conditions used for this experi-
ment. This behavior can be qualitatively explained by stimu-
lation of the “read” (Sm—Eu electron transfemrocess by
the IR laser excitation, which gradually depletes the?Sm To summarize, infrared photoluminescence from the
population and thus reduces the 8nPL intensity. Snt*t ions in a bulk ceramic specimen of the stimulable
Finally, we provide a brief critique of the model first phosphor SrS:Eu,Sm was excited by visit#e33, 2.41, and
proposed for the infrared PL in SrS:Eu,Sm and SrS:Ce,Sm.2.54 eV} and infrared1.165 eV} lasers and by a wavelength-
This earlier model is based on the assumption that théunable, monochromatized xenon arc lamp source. The tem-
lowest-energy electronic state of Sirhas a (4°)(5d) con-  perature dependence of the infrared PL was examined from
figuration, rather than (#) as we have assumed; further, 14 to 300 K. The PL intensity was found to decrease mono-
electron-phonon coupling is not considered. According to theonically with increasing temperature. The full width at half
earlier model, the 2.1 eV absorption peak is due to & (4 maximum of the PL emission spectrum(T), was found
—conduction band) transition of the $n§4f%)(5d) con- to increase with temperature in a manner consistent with
figuration, which results in a Sth(4f#)(5d) final state. The a linear electron-phonon  coupling  model W(T)
1.25 eV “read” excitation peakreported as 1.30 eV in Ref. =Wy[tanh(Q/(2kgT))] Y2  with W,=0.190eV and
6) is due to a (81— conduction band) transition, which re- coupled phonon energ2 =0.026 eV. Periodic oscillations
sults in a SM"(4f°) final state(effectively the SP" ground  in the PL spectrum aT <60 K provide direct evidence for
statg. Finally, the PL peak at 0.72 eV @t=77 K (reported  coupling to two phonon modes, with phonon enerdiks
as 0.75 eV in Ref. Bis due to a S (4f%)(5d)—(4f%)  =0.0155eV and),=0.028 eV. The peak of the emission
transition. The excited state of the PL center is identifiedspectrum occurs at 0.709 e 750 nm) at 14 K and in-
with the final state of the 2.1 eV absorption process. Accordereases with temperature at a rateXl1® * eV/K. The PL
ing to this model, the infrared PL arises from an excitedpeak shift is attributed to a decrease in the crystal field with
Snt" state that is created by the ionization of 8mwhereas  increasing temperature. The electron-phonon coupling model
in our model the PL arises directly from a Srtransition. predicts that the corresponding optical absorption peak,
In view of our results, and other studies of rare-earth ionswhich is anti-Stokes shifted relative to the PL peak, should
done subsequent to Ref. 6, the earlier model is seen to hawecur at 1.17 eM1060 nn) at low temperature, or 1.23 eV
significant flaws:(i) The Snt* ion has been studied in a (1010 nm at room temperature. Previous measurements of
number of host crystals, and the ground electroniche charge-transfer excitation spectrum in SrS:Eu,Sm
configuratiodl is always (4°), not (4f%)(5d). (i) If the  showed a peak at 1.25 €990 nm), in good agreement with
electron-trapping state were really 3m4f%)(5d), which  the model prediction. The PL excitation spectrum from 1.7 to
has a weakly bound outer electron, rather thanszf‘S), 6.2 eV (200 to 730 nm was measured af=14 K. Excita-
then the long trapping lifetime@nany months in the dark at tion peaks were observed at 2.076 &97 nn), ascribed to
room temperatujewould be difficult to explain.(iii) The  absorption to a higher excited Smstate; at 2.651 eV468
model attributes the infrared PL to aqb— (4f) transiton  nm), ascribed to Eff absorption followed by Ew»Sm
of Snt™, not Snt™, but the (&) — (4f) transitions of triva-  charge transfer; at 2.919 425 nnj; and at 4.492 e\(276
lent rare-earth iorfsgenerally occur in the vacuum UViv) nm), ascribed to interband excitation of the SrS. The infrared
Our observation that the infrared PL is excited by 1.165 eVPL intensity was observed to decay with time, on a scale of

V. CONCLUSION
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seconds to minutes, under 1.165 eV laser excitation subs@pplications, including technologically important thin-film
guent to visible laser excitation dt=14 K. This decay is structures as well as bulk ceramics.
attributed to the Sm-Eu charge-transfer process.
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