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The existing mechanisms proposed to explain the phosphorescence .8/, Dy3t and related
phosphors were found to be inconsistent with a number of important experimental and theoretical
observations. We formulated a new mechanism of phosphorescence on the basis of the facts that the d
orbitals of E4* are located near the conduction band bottom of gbAlthat the E&" concentration
decreases during UV excitation, and that trace amounts ¥f &we always present in these phosphors.

In our mechanism, some Etions are oxidized to Etf under UV, and the released electrons are trapped

at the oxygen vacancy levels located in the vicinity of the photogeneratéd &ations. The
phosphorescence arises from the recombination of these trapped electrons around the photogenerated
EW' sites with emission at 520 nm. The codopanfDgnhances the phosphorescence by increasing the
number and the depth of electron traps, and the codopérarhances the phosphorescence by increasing

the depth of electron traps. We also probed the origin of another emission at 450 nm £,3F5"

that occurs at low temperatures. Our analysis indicates that this emission is caused by a charge transfer
from oxygen to E&' cations and is associated with a hole trapping.

1. Introduction localized levels. Due to a spatial separation between these
i .. defects and the luminescent centers (or more precisely, due
Phosphorescence (or afterglow) refers to the light emission q, the |ack of their orbital overlap), the probability of direct
of an insulator that persists at room temperature after stoppingecombination is very low. Consequently, trapped charge
excitation (usually UV irradiation).® This delayed light  c4priers are maintained in a metastable state (ie., the
emission arises from the fact that charge carriers (i-e., excitation energy is stored), as long as there is no energy
electrons and/or holes) generated by the excitation are trappe%upmy for detrapping them and hence inducing their
at certain defect sites, and their detrapping is thermally o-ombination. Two factors affect the energy needed for
activated. The term “phosphorescence” may also refer to adetrapping. The major one is the trap dethwhich refers
radiative fluorescence-type de-excitation delayed by more generajly to the energy difference between the trap level and
than 10° s, due commonly to the spin-forbidden nature of ¢ ajence band (VB) top for a hole trap, and that between
de-excitation (e.g., théE — “A, emission for Ct"). Inour  yhe conduction band (CB) bottom and the trap level for an
work the term “phosphorescenqe” refgrs_ exc'USl_VeW to the glectron trap. The other factor, often neglected, is the strength
phenomenon of an afterglow with emission lasting several o jnteraction between the trapped charge carrier and the
minutes to several hours. lattice. While use of thermal annealing or a laser light is
Besides luminescent centers, the phosphorescence phenecessary to detrap for scintillators, the thermal energy
nomenon requires the presence of certain discrete levelsayvailable at ambient temperature is enough for phosphores-
within the forbidden band gap, which are associated with cent materials.
chemical and/or physical defects of the host lattice (€.9., The Jifetime  of a trapped charge carrier is inversely
dopants and vacancies). Under UV irradiation, some eleCtronsproportional to the detrapping probability, and depends
and/or holes generated by the excitation are trapped in Sucrbxponentially on the ratio of the trap depth to the thermal

energy, Er/ksT. Consequently, the lifetimer, and thus

Ikl‘g:'t}:‘tc‘iﬁglmgtgf‘aué {Jerf}ce'fs"iglxe'- luminescence, is longer when the detrapping requires a higher
§ Institut de Chimie de la Matie Condense de Bordeaux. energy. However, the observation of luminescence by naked
'Centre de Recherches d’Aubervilliers. i i~ i ; P
: : . . eye requires a sufficient luminous flux, i.e., a sufficientl
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100 times the perception limit of the human eye). The
detrapping energy of SriD,EW",Dy%" B3 is 0.65 eV?
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Table 1. Emission Colors of the Phosphors with Phosphorescence
Lasting Longer than 1 h

which appears to be the energy depth leading to an (&) aluminates
outstanding phosphorescent material.

Until a few years ago, the only practical phosphorescent
compound was zinc sulfide codoped with copper and cobalt,
ZnS:Cu',Cco**.5 Due to several drawbacks of this compound,
applications of phosphorescence had been limited. First, the
intrinsic decay time is short (1 h), so its applications (i.e.,
watches, clocks, painting, etc.) require the addition of
radioisotopes such a1 and4Pm. Second, the emission
intensity is low, so a large amount of the compound should
be incorporated into the host (up to 30% in weight for
painting), hence degrading the physical and mechanical
properties of the host. Third, the compound degrades in the
presence of moisture, which requires an encapsulation for
its outdoor use.

In 1995, Murayama et al. reported that SI®J:EL*T,
Dy®",B%* has greatly enhanced phosphorescence properties
compared not only with SrAD,EW?* but also with ZnS:
Cu",Co*".® In addition to a higher chemical stability, the
intensity and the duration of the phosphorescence of,SrAl
Ew?t,Dy3",B3" make it possible to envisage a continuous
light emission during a whole night now (10 h), hence greatly
renewing interests in the phosphorescence phenomenon. As
summarized in Table 1, a large number of new compounds
discovered since 1995 shows phosphorescence lasting longer () sulfides
than 1 h. These compounds have a wide range of emission
colors (e.g., violet, blue, green, red, pink, orange, yellow).

(b) silicates

(c) aluminosilicates

(d) other oxides

(e) oxysulfides

SrAD,EW?t,Dy3",B3* (green)®
CaALO4EWT Nd®*,B3* (blue)/
BaAl,O4Eu2t,Dy3* (green)*t
MgAIl04:Ce" (green)i2 CaAlL O, Ce*t
(purple)#3 CaAlLO4:(Ce*t, Th3t) (greeny*
CaAlLO,:(Ce¥r,Mn2t) (greeny!s
BaAl,O,:Ce*t,Dy3* (blue)?®
MgAI,04: Th3" (green)t” CaALO4 Th3"
(green)!8 SAl 1405 EWRT,Dy3t,B3F
(blue)?° SrAl,O7.EW?t,Dy3* (blue)©
CaYAl;07:.Ce* (blue)dt
CayoAl 14033 EL?T NdB* (indigo)?
MMgSixOg:EL?+,Dy3" (blue) 33
M2MgSiO7:EW?t,Dy3 (blue to green§?
CaMgSpOs:EL2",Dy3t (blue)?®
SRZnSkO7EWH,Dy3" (blue) 6
MgSiOs:(El?t,Mn2"),Dy3* (red)?”
CdSiO;:Mn2* (orange):8 CdSiOy:Sne+
(pink)>®
GAl,SiO7:EW?t,Dy3* (blue) 80
SRAISiIOzEWH,Dy3* (green)s®
CaAl;SiO;:.Cet (purple)st
CaAl;SiO7(Ce*,Mn2") (yellow),5”
CaAlLSi;Os:EL?T,Dy3" (bluef?
(Zn,Mg)G®4Mn?* (green)t MO:EW*
(orange to red§* SrO:PB* (purple)s
Y05 EWdt , Mg2*, Ti4" (red)56
Zng(PQy)2:Mn?t Gt (red)s”
MgGeQs:Mn2t,Yb3* (red)8
¥0,S:E+,Mg2*, Ti*t (orange to red§?
Y 0,S:Sn#t (orange/redy? Y ,0,S: T+
(yellow/orange}*

ZnS:Ca,Ce*t (green); CaS:EdH, Tm3*
(red)/2 CaS:B?f", Tm*" (blue)/3
CaGaSsEw He* (yellow)™

Potential applications of these new phosphors are numerousCaAlLO;EW?" and subsequently show that it accounts for
especially in the areas of safety improvement and energyall important experimental and theoretical observations.
saving (e.g., traffic signs, emergency signs, safety clothes,Finally, essential findings of our work are summarized in
advertising, etc.). section 5.

Matsuzawa et dl proposed a phosphorescence mechanism
for SrAlLO,EWPT,Dy3t which invokes a reduction of Bti
to Eu" and then a trapping of holes by By Two alternative
mechanisms, proposed by Aitasalo et ahd by Beauget,
invoke also a hole trapping but with an energy transfer 2.1. Structural Characteristics. The aluminate SrAD,
process. As will be discussed later, all these mechanismseXists in two crystallographic forms, and a reversible
are not consistent with a number of important experimental transition between the two occurs at 68D° The structure
and theoretical facts. In the present work, we review these Of the low-temperature phase (monoclinic, space grip
observations in some detail and propose a new phosphoresa = 8.447 A,b = 8.816 A,c = 5.163 A, = 93.42) is
cence mechanism for Sr&,.El#" and Codoped systems well established? but that of the high-temperature phase
SrAlLOLEW,Dy3* and SrALO.ELZ+ Dy3*, B3 (hexagonal, space grol$;22,a = 5.140 A,c = 8.462 A)

Our work is organized as follows. The structural and IS not® The structure of the low-temperature phase has a
luminescence properties of Se@LEW" and its codoped three-dimensional network of corner-sharing Atétrahedra,
analogues are summarized in section 2. In section 3, weWwhich has channels in the a- and c-directions where the Sr
describe the three phosphorescence mechanisms proposd@ns are located (Figure 1). There are two crystallographically
for codoped SrAIO4EW" and CaA}OzEW* and then different sites for St (Wyckoff position 2a), which have
discuss their shortcomings. In section 4 we propose a newlidentical coordination numbers (i.e;-8), similar average

phosphorescence mechanism for Codopedzg—ﬁu}" and Sr—0O distances (i.e., 2.695 A and 2.667 A) and similar
individual Sr—0O distances. The two environments differ only

by a slight distortion of their “square planes”. Thé'Sand
EW" ions are very similar in their ionic size (i.e., 1.21 and
1.20 A, respectively). Consequently, when occupied b Eu
ions, the two different St sites will have a quite similar

2. Structural and Luminescence Properties of
SrAl,O4:Eu?t and Its Codoped Analogues

(4) Matsuzawa, T.; Aoki, Y.; Takeuchi, N.; Maruyama, ¥ .Electrochem.
Soc.1996 143 2670.

(5) Hoogenstraaten, W.; Klasens, H. A.Electrochem. Sod.953 100,
336.

(6) Murayama, Y.; Takeuchi, N.; Aoki, Y.; Matsuzawa, T. U.S. Patent
No. 5,424,006, 1995.

(7) Aitasalo, T.; Deren, P.; Hsa, J.; Jungner, H.; Krupa, J.; Lastusaari,
M.; Legendziewicz, J.; Niittykoski, J.; Strek, W. Solid State Chem.
2003 171, 114.

(8) Beauger, C. Thesis, Universite Nice, Nice, France, 1999.

(9) Ito, S.; Banno, S.; Inagaki, MZ. Physik. Chem1977, 105 173.
(10) Schulze, A.; Mueller-Buschbaum, B. Anorg. Allg. Cheml1981, 475,
205.
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Figure 1. Schematic views of the monoclinic phase of Sfd along the a- and c-directions.

local distortion, so that the Bl ions located at the two  be partially released by forming trigonal planar unitsBO

different SF* sites will have very similar local environments.  The latter was observed by IR and NMR measurem®its.
The phosphorescence in the monoclinic phase of the 2.3. Probable VacanciesThe formation of the byproduct

phosphor SrAlO,EW* has been observed when prepared SpAl,Of during the synthesis of SrD, 8 as well as the

in the form of a thin layéf or a crystal?3 by solid-state  thermoluminescence (TL) measurements carried out for the

reactions (at 1300C during few hours},a sot-gel route stoichiometric and nonstoichiometric samples of SOM

(at 1150°C),** a microwave routé> and a combustion  Ewt 25 indicate that SrAlO, tends to have strontium

method'® Europium is introduced in the reaction mixture in  vacancies (¥,), and hence oxygen vacanciesgj\due to

its oxidized state Etf (Eu;Os), and phosphorescence appears the requirement of charge neutrality, leading to-§&l ;04

only after a reducing treatment (in situ or afterwar®ls). (6 > 0). This is consistent with the result of bond valence

Luminescence measurements show that after this reducingsum calculationd® which lead to charges o£1.75 for Sr

treatment, europium is mainly present in the reduced form and ~3 for Al. Aluminum vacancies () might exist as

EW*,* but Mssbauer measurements reveal that there remainsyell, but would be energetically unfavorable to form because

roughly 5 to 10% of E#" (hereafter referred to as residual the Al-O bonds are short and strong. Due to the requirement

Ew*).}” XANES measurements show that the codopant of charge neutrality and the absence of oxygen in the

dysprosium is present in its stable form Dy?® synthesis atmosphere, the codoping with*Dyshould
2.2. Dopant and Codopant SitesThe sites of the dopants  enhance the cation deficiency.
and codopants of SrAD, are dictated by their ionic radii. 2.4. Luminescence CharacteristicsThe luminescence

The Ed* (1.20 A), EG* (1.01 A), and Dy* (0.97 A)ions  properties of SrA0,EL2+ were discovered in 196828 The

can readily occupy the 8t (1.21 A) ion sites? as confirmed  emission spectrum at room temperature displays a broad band
by EPR measurement$The two crystallographically dif-  with a maximum at 520 nm, leading to the green lumines-
ferent Stt sites are very similar, so it is expected that the cence of the materials under normal conditiéns the
luminescent ions EU are present at both sites. This temperature is decreased, an additional peak occurs in the
expectation is corroborated by EPR measureniéitse fact  emission spectrum at 450 iwWhen the Eu concentration
that SP* and Ed" ions have very close ionic radii explains s higher, the intensity of the 520 nm emission increases and
why EU** ions introduced in the 3f sites of STAJO; are  that of the 450 nm emission decrea&dis suggests that
easily reduced to B8 The codopant B ions (0.11 A)  an energy transfer occurs from the 450 nm emission to the
are expected to occupy the3Alion sites (0.39 A), whichis 520 nm emissioR?

confirmed by IR and NMR measuremefitsowever, due Poort et aP® suggested that the 450 and 520 nm emission
to the large difference in the ionic radii, the substitution of pands originate from the %dt — 47(8S;,) transition of E&*

BS" for AI*" will lead to a strong local strain, which should  |5cated at the two different crystallographic strontium sites.
The disappearance of the 450 nm emission when the
temperature is increastid consistent with the idea of energy

(11) Kato, K.; Tsutai, I.; Kamimura, T.; Kaneko, F.; Shinbo, K.; Ohta,
M.; Kawakami, T.J. Lumin.1999 82, 213.

(12) Katsumata, T.; Nabae, T.; Sasajima, K.; Matsuzawa].TCryst. transfer. However, the assignment of the?EdfS5dt —
Growth 1998 183 361. 7(8 it ieqi . + i
(13) Jia, W Yuan, He Lu, L Liu, H; Yen, W0, Cryst. Growth1999 4f7(8S;)p) transition to both emissions of SrA&,:EW?" is not
200, 179. supported for the following reasons:
(14) Tang, Z.; Zhang, F.; Zhang, Z.; Huang, C.; Lin, X.Eur. Ceram. (1) The two Sr sites are chemically nearly identical, so
Soc.2000 20, 2129. . . !
(15) Geng, J.; WU, ZJ. Mater. Synth. Proc2002 10, 245. that the E&" ions located at these two different Sr sites
(16) ;’ggf,sg-:g\ggng, H.; Pu, X.;; Hu, B.; Jiang, Z.; Yan, [gater. Lett. should emit in a similar energy range (and not with a
(17) Clabau, F. Thesis, Universitde Nantes, Nantes, France, 2005
(restricted diffusion up to 2010). (23) Rhodia Electronics and Catalysis. Private communication, 2001.
(18) Rhodia Electronics and Catalysis. Private communication, 2001. (24) Niittykoski, J.; Aitasalo, T.; Hisa, J.; Jungner, H.; Lastusaari, M.;
(19) Shannon, RActa Crystallogr, A 1976 32, 751. Parkkinen, M.; Tukia, MJ. Alloys Compd2004 374, 108.
(20) Nakamura, T.; Kaiya, K.; Takahashi, T.; Matsuzawa, T.; Ohta, M., (25) Abbruscato, VJ. Electrochem. Sod.971 118 930.
Rowlands, C.; Smith, G.; Riedi, Phys. Chem. Chem. Phy2001, (26) Breese, N.; O'Keeffe, MActa Crystallogr. B1991, 47, 192.
3, 1721. (27) Palilla, F.; Levine, A.; Tomkus, MJ. Electrochem. Sod.968 115
(21) Kaiya, K.; Takahashi, N.; Nakamura, T.; Matsuzawa, T.; Smith, G.; 642.
Riedi, P.J. Lumin.200Q 87—89, 1073. (28) Blasse, G.; Bril, APhilips Res. Repl968 23, 201.

(22) Nag, A.; Kutty, T.J. Alloys Compd2003 354, 221. (29) Poort, S.; Blockpoel, W.; Blasse, Ghem. Mater1995 7, 1547.
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Figure 2. Deconvolution of the 520 and 450 nm fluorescence peaks of
Sio.06Al 04:EL2 T 02, measured at the 310 nm excitation light at 100 K using
a Fluorolog-3 spectrofluorometer.

0.37 eV difference). Formally, the 520 nm emission spectrum

Figure 3. Phosphorescence mechanism proposed by Matsuzawa et al. for
SrAlLO4EWRH, Dy3t.

temperature, CaAD,EW?",Nd®" samples exhibit a broad
blue emission peaking at 440 nm assigned to thé*Eu

can be deconvoluted in terms of two Gaussian peaks centeredé5dt — 4f7(8S;),) transition. At low temperatures, they show

at 515 nm and 545 nm (i.e., two peaks separated by
0.13 eV; Figure 2). Similarly, the deconvolution of the only
emission peak of BaAD4EW? at 4.2 K° shows two peaks

an unresolved emission peaking a450 nm?3! which is
similar in energy to the 450 nm emission of Sy@LEW*.
The invariability in the position of the blue emission suggests

at 510 and 540 nm. This suggests that the 520 nm emissiomagain that its origin is not related to the Eications.

originates from the BU 4f55d! — 4f'(8S;,) transitions
associated with the Bt ions randomly distributed at the
two different S#* sites. There is no need to assign the
450 nm emission to Bl 4f5d' — 4f (8S;),) transitions.

(2) The low-temperature luminescence spectrum of
SrAl,O4:Eu samples prepared in air (hence with almost only
Ew' ions) shows only the peak at 450 rinThe 520 nm
emission appears only when the samples are annealed und
a reducing atmosphere. It is highly unlikely that partial
reduction of E&" cations takes place only for those occupy-
ing one of the two St sites. Therefore, it should be
concluded that the green emission at 520 nm is due to the
EW" 4f5%5d—4f"(8S;),) transition, while the blue emission
at 450 nm results from another de-excitation mechanism.

(3) When the ¥" concentration increases in Sp@l:
Ewt, Y3, the intensity of the 450 nm blue fluorescence

decreases strongly, but that of the 520 nm green emission

remains constaritLikewise, when the DY concentration
increases in SrAD,Ew?",Dy3", the intensity of the 450 nm
blue emission intensity remains constant, but that of the
520 nm green emission decrea%dse different influences
of the codopants ¥ and Dy*' on the two emission

3. Existing Mechanisms for the Phosphorescence of
Codoped SrALO,:Eu?" and CaAl,O4Eu?*

So far, three different mechanisms have been proposed to
explain the phosphorescence of codoped SDAEW" and
CaAlLOLEW*. In this section, we describe these mechanisms
and discuss their shortcomings. It must be pointed out that

&he role of the codopant® ions has remained uncle&?

3.1. Mechanism of Matsuzawa et alThe mechanism of
Matsuzawa et al. proposed for Sp@l:Eu,Dy* (Figure 3)
relies largely on the photoconductivity study of powder
SrAlLO.Ewt sampleg® which showed that UV irradiation
induces a hole-type photoconductivity and hence suggested
the existence of a hole trapping. The excitation and emission
spectra was associated withZpuso that

EV' (4f") + hv — EUF* (4%5d)
Ewt* (4f%dY) — EVZT (4f°) + hn!'

Matsuzawa et al. suggested that the holes originate from the
capture of electrons from the VB by the £tiions, and the

intensities show that the 450 and 520 nm emissions must becodopants DY trap these holes, i.e.,

different in nature.

(4) The decay time of the 450 nm fluorescence emis%on,
which is observed only at low temperatures where no
detrapping occurs, is much shorter than that of the 520 nm
emission in SrAIO.EWt (0.7 vs 1.7us vs at 4.2 K). In
contrast, the decay times of the two 2Euemissions in
BaAl,O,:EL*" (at 510 and 540 nm) are practically the same
(1.5us vs 1.4us). This finding again suggests that the blue
and green emissions are of different origin.

(5) CaALO4 has a monoclinic structure with three non-
equivalent Ca sites, and Buions occupy only one kind of
the Ca sites due to the size matching requireméttroom

(30) Poort, S.; Meijerink, A.; Blasse, Q. Phys. Chem. Solids997, 58,
1451.

Dy** (4f%) + h* — Dy*" (4%

and that the return of the trapped holes to the Eu sites for
delayed emission is triggered by thermally activated electron
promotion from the top of the VB top to By. We note
that trapping of holes by cationic vacancies was also
considered by others®3 In their mechanism, Matsuzawa et
al. made two crucial assumptions: the fundamental level (i.e.,
the ground state) of the 4fonfiguration of E&" is close in
energy to the top of the valence band (i.e., 0.06 eV), and

(31) Jia, W.; Yuan, H.; Lu, L.; Liu, H.; Yen, WJ. Cryst. Growth1999
200, 179.

(32) Nag, A.; Kutty, T.Mater. Res. Bull2004 39, 331.

(33) Ohta, M.; Takami, MJ. Electrochem. So2004 151, G171.
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Figure 4. Phosphorescence mechanism proposed by Aitasalo et al. for
CaAI204:Eu2+,Nd3+.
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Figure 5. Phosphorescence mechanism proposed by Beauger faiCarAl
EwT.

the Eg#* ion excited by irradiation becomes an excited €Eu
ion upon electron capture,

Ev* (4t%d") + e — Eu'™ (4f '5dY)

3.2. Mechanism of Aitasalo et al The phosphorescence
mechanism of Aitasalo et al. proposed for CAALEWT,
Nd®* (and easily extrapolated to the Sr derivativgE)gure
4) is based on the realization that the formation of the highly
unstable species Eti under UV or visible irradiation is
highly unlikely. The reduction of Elf into EL?* in oxides
already requires a high energy 3.7 eV), and the further
reduction of E&" should require a much higher energyo

retain the hole trapping process suggested from the photo-

conductivity experiments, Aitasalo et al. assumed the oc-
currence of energy transfer to Euand proposed that the
UV excitation promotes an electron from the VB to a discrete
level of unknown origin, while the hole created in the VB is
trapped by an alkaline earth vacancy levet.VThen,

Clabau et al.
KT CB
41°5 3 trapping
uv Vo detrapping

Eu2+
47 (*S72)

520 nm
Eu* (CT)

450 nm uv

VB

Figure 6. Phosphorescence mechanism proposed in the present work for
SrAlLO4EWRH, Dy3+, B3,

valence band, and then their recombination with the electrons
present in the aforementioned discrete levels of unknown
origin. As for the role of the codopant By, he assumed
that UV radiation would initiate the heteronuclear inter-
valence charge transfer,

EWV' + Dy*" — EP" + Dy?"

which was believed to delay the 520 nm emission because
the reverse reaction is thermally activated.

3.4. Difficulties of the Existing Mechanismslt is highly
unlikely that the species Etiand Dy*" are generated under
a UV or visible excitation. Furthermore, electronic band
structure calculations carried out for SyBl:ELPT show that
the Eu d-block bands lie just below the CB bottdfiThis
finding is consistent with preliminary XPS measurements,
which locate the 4f-block levels of Bt at approximately
3 eV above the VB top! Thus, these observations definitely
do not support the mechanism of Matsuzawa et al.

EPR measurements of Sp8l,:EL?,Dy®" samples show
that the concentration of Bt decreases during the UV
excitation and increases when the excitation is stopped until
the extinction of phosphorescen@el his finding evidences
that E@" participates in the trapping process and, hence, does
not support the idea of energy transfer to?Eafter the
trapping, suggested by Aitasalo et al. and also by Beauger.
In addition, the mechanism of Beauger for SI®J:EW*T,
Dy3t is difficult to support because the lifetime of Byis
certainly too short to explain the occurrence of phosphores-
cence lasting several hours.

4. New Phosphorescence Mechanism

Aitasalo et al. assumed that the thermal energy allows the As discussed above, the existing phosphorescence mech-

transfer of the electron from the discrete level of unknown
origin to an oxygen vacancy level oy from which a
recombination takes place toward the,\evel. The energy
released is then transferred to ar*Eion, which is excited
and then is de-excited instantaneously. In this mechanism
the role of Nd* codoping is considered to increase the
number of cation vacancies.

3.3. Mechanism of BeaugerThe mechanism of Beauger
proposed for SrAD,EW 8 (Figure 5) is similar to that of
Aitasalo et al. in invoking the electron excitation into a
discrete level of unknown origin, the trapping of the holes

anisms are not consistent with a number of important
experimental and theoretical observations. It is important to
formulate a new mechanism for the phosphorescence of
SrAlLO.Ew", with and without Dyt and/or Bt codoping,

that are consistent with the experimental and theoretical

observations. Our mechanism, depicted in Figure 6, relies
on the facts that the d orbitals of Buare located near the
CB hottom of SrA}O,, that the E&" concentration decreases
under UV excitation, and that the phosphor samples always
have a small amount of Etiions because it is impossible
to reduce all E®" ions into E@" ions under the synthetic

created in the VB at cation vacancy levels and the occurrenceconditions employed. Under UV irradiation, electrons are

of energy transfer to Bd. However, he assumed that the

promoted from the occupied 4f levels of Euo the empty

thermal energy enables the detrapping of the holes to the5d levels and from the VB top to the unoccupied 4f levels
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of residual E&" (i.e., charge transfer). The electrons 75 and 475 K (with a heating rate of 5 or 30 K/min leading
promoted to the 5d levels can be trapped at thedefects to slight changes in peak positions) present at least 10 peaks
located in the vicinity of the photogenerated®Ewations (at 105, 120, 135, 165, 190, 215, 245, 275, 305, and
(see section 4.1 for further discussion), while the holes 345 K)*&25which indicates the presence of 10 or more traps
created in the VB can be trapped at the Ur Vu levels. in the host lattice with different depths. The spectral analysis
Due to these trapping processes?Eis oxidized to E&", of the glow curve indicates that the TL peak at 105 K is
while residual E&" is reduced to E&i. The thermal energy  associated with the 450 and 520 nm emissfoB&nce no

at ambient temperature causes the detrapping of the trappe@nergy transfer can occur from a 520 nm emission to a
electrons directly to the 5d levels of By hence leadingto 450 nm emission, the activation of the 450 nm emission
the 4f5d! — 4f"(8S;,,) green phosphorescence. The 450 nm proves definitely that some holes are trapped.

blue emission, observed only at low temperatures (below The observation of a hole-type photoconductivity at room
150 K), is probably due to the charge transfer from the temperature in SrAD,EW?* does not necessarily mean that
fundamental level of the 4fconfiguration of E&" to the  the charge carriers consist solely of holes. Indeed, even if
VB and is associated with a hole detrapping mechanism. In conductivity has contributions from holes and electrons, an
the following, we show that a number of experimental overall hole-type conductivity is observed if the contribution
findings are consistent with our mechanism. of holes dominates over that of electrons. Thus, one might

4.1. Origin of the Phosphorescence and Photoconduc-  speculate if both holes and electrons contribute to the
tivity. To reconcile the position of the Euorbitals in the photoconductivity.

forpidden bano_l Wi_th the variation of the Eu:on_cgntration The measurement of the temperature dependence of the
during UV excitation and phosphorescence, it is necessary y,q1qconductivity under UV excitation gives the total number

to consider a trapping of the electrons promoted to th€ EU ¢ charge carriers (at least holes) released by the supply of
5d levels under UV irradiation. Nevertheless, the existence thermal energy. To some extent, the sum of the charge

of holes in the VB observed by photoconductivity has to be 5jers released when the temperature is continuously

addressed first. . . . increased is related to the integral of a thermo-conductivity
The band gap of SrAD; is 6.5 Vi’ so that no transition  ¢,ve without UV excitation. For SrAD,EW?+,Dy?*, the

between the VB and CB can occur under UV irradiation. o qi6conductivity under irradiation increases from about
Beauger assigned the 450 nm blue emission to the de-gg up to 250 K, and then a plateau is reached until

excitation from a discrete level of unknown origin located 300 k4 Thus. there occurs no detrapping phenomenon
in the middle of the forbidden gap to the valence b&iie i, o1ying conductivity at 300 K. However, the TL measure-

levels associated with the cation or anion vacancies are ments show a strong detrapping phenomenon at 300 K
generally close to the VB top or the CB bottom (as shown g,ing to phosphorescent@herefore, it is necessary to

for SrAlL,O, by calculation¥’), so it is unlikely that they are suppose that detrapped electrons do not migrate in the CB,
requnsible for the excitation energyﬁelaB eV As already and that photoconductivity is due only to holes. This
mentioned, the 4(°Sy;) level of EW" is located at 3 eV ,h0jsion leads to the supposition that the electron traps
above the VB top. Thus, the 450 nm emission could be 5 present in the vicinity of the photogenerated‘Eaations

assigned to the transition from this level to the VB, after a g, that they can recombine without contributing to the electric
charge transfer from © to residual E&" cations. conductivity

At this point, it is necessary to distinguish our assignment . . -
b Y 9 g In the present case, the consideration of the proximity of

of the 450 nm emission from the one commonly assigned to the electron trap around the activator (i.e., the photogenerated
the Ed" cations, for example in ¥0z:EW".! In the latter L P €., (N pnotog
. o Ew' cation) is reasonable because there is no overlap
assignment, excitation takes place by a charge-transfer : . ;
absorption from oxygen to europium, i.e between the occupied discrete orbitals of the electron trap
Y and the 4f orbitals of the activator. This makes direct
EGT (4f%) + 0F (2F) — ER@™ (4f)) + O~ (2p°) recombination impossible and hence electron detrapping
thermally activated. Electron detrapping can occur from the
Then, concomitantly with a charge transfer from europium oxygen vacancy levels either to the 5d orbitals of the
to oxygen, an electron of the Eu cation de-excites non- photogenerated Etior to the CB (i.e., to strongly localized

radiatively to form the excited state®f(e.qg., °D,, °D1, Do levels of the lattice resulting from the local deformation
states) of E®, which subsequently leads to the ground state associated with defects). To find which of the two detrapping
4f ("Fo) of ELPT via a 4f— 4f radiative transition. The Bt processes is appropriate, we consider the evolution of the

intermediate state thus created should have a very shortTL curves of the alkaline-earth aluminates A®} series
lifetime because the host lattice provides a higher stability (A = Ca, Sr, Ba). The TL curves of GaAl 04 EW 0z
for EW®" than for EE@" (in the Y8' site). However, this is  Sry.ggAl 204 EWP .02 and Ba ggAl 04 EWP 0217 presented in
not the case for SrAD,EW?", because EU ions are located ~ Figure 7 indicate that the three main peaks move toward a
at the St sites. higher temperature (i.e., toward a greater trap depth) on going
Whereas SrAlO4EW?t is conductive after stopping the from Srto Bato Ca. Whereas the bottom of CB is expected
excitation, it is noted that the characterization of its mobile to go up in energy in the order Ca (3&) Sr (4d) < Ba
carriers as holes was determined only during the UV (5d), the energies of the %d* — 4f7 (8S;,) emission of
irradiation?® Thus, one might question if the holes are really EW' (and thus the position of the bottom of 5d orbitals of
trapped. The TL curves of SriD,EW?" measured between EWY) increase in the order Sr (2.38 eW) Ba (2.48 eV)
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300 any energy transfer occurs between the 450 and 520 nm
" - - -BaAl,0,Eu” emissions at ambient temperature. Indeed, the intensity
_ 1ot —— SrAL,0,:Eu* decrease in the 450 nm emission between 150 and 270 K
£ 200- / Y -+« CaAl0 Eu” can be due either to a thermal quenching or to a thermally
E : activated energy transfer. The photoconductivity decay time
= ] of SrAlL,O,:EW?",Dy3", which is due only to holes, is much
é 1004 | longer than the 520 nm phosphorescence decay time at room
= ! temperature (i.e., several days vs several hdtiEhus, the
phosphorescence cannot be caused by both electrons and
ok i aata holes, but is due solely to electrons. Consequently, at ambient
200  -100 0 100 200 300 temperature, the photoconductivity and the phosphorescence
Temperature (°C) should originate from two different electronic phenomena,
Figure 7. TL curves of BggsAl:04:ElP g, (dashed line), SrogAl2Oq: and the blue emission should be thermally quenched.
EP*o.0z (full line), and CaseAl 05EL* 0.2 (dotted line), measured after 4.2. Nature of the Electron and Hole Traps. The
5 min of irradiation at 254 nm with a heating rate of 30/min. codoping of SI’A&OA,ZEUH with Y3+ decreases the 450 nm
6 emission intensity. Interstitial oxygen atoms cannot be
fluorescence present since the synthesis atmosphere is reducing in nature.
54 _?g:.:m" Thus, cation vacancies are expected to act as hole traps.

Because the formation of aluminum vacancies is energetically
unfavorable, the strontium vacancies should be the major
hole traps.

The phosphorescence of Sp@l:EL?" is enhanced with
increasing the St deficiency®3® and is reduced upon
substituting Sit for Al®*.22 Due to the charge neutrality
requirement, the number of oxygen vacancies should increase
by increasing the 3t deficiency and should decrease by
) the substitution of Si for AlI®*. Therefore, the oxygen vac-
450 " 500 550 600 650 ancy Ievgls\é(in the vigipity of EW') are the electron traps.

Lambda (nm) .Tq estimate the positions of thesy V), _arjd \b levels
within the band gap~6.5 eV) of SrALQ,, it is necessary

Figure 8. Evolution of the 520 nm luminescence peak (normalized) for :
StoseAl 204 ER 0,02 i fluorescence (in black). after 0.5 min of phospho- to know the orbital nature of not only these vacancy levels
rescence (in red), and after 16.5 min of phosphorescence (in green), whichbut also the VB top and the CB bottom. For simplicity, we

was measured after 5 min of irradiation at 310 nm, using a Fluorolog-3 suppose that each &lis sp-hybridized, and so is each?O
spectrofluorometer equipped with a CCD detector. Then every sborbital of AR+ is empty while every Sb

S orbital of &~ is doubly occupied. The-bonding ¢ai-o)
< Ca (2.82 eV), i.e., in the same order as do the TL peaks. i : "
This suggests that the electron detrapping occurs toward theand theg™-antibonding (™ o) levels of an A-O bond

5d orbitals of E&*. This proposition is consistent with TL éclgi]ﬁrs]zggz\sleg :r?ém;dr[?iilargifl%%h:?f ;nn dd ((}?Ejti-cc)):]—s‘phase
experiments carried out for new phosphqrescent CompoundS‘Electronic band strucpt%re calculations based on dénsity
recently patented. Furthermore, the very intense flgorgscgnc%unctional theory (DFT}” reveal that the top portion of the
of SrAlL,O,EW?" leads us to suppose that the photoionization VB's are represented by the oxygen lone pair levels (i.e
rate of electrons from the 5d orbitals to the CB is weak. the s orbitals of G-), the CB's are represented by th.e.,
Several observations confirm the proximity of the electron o* a0 levels, and the ,bottom portion of the CB's overlaps
trap around the Iuminescent c_enter. F_irst, it explains t_he with the ban('js arising from the 4d orbitals of thé'Spns.
absence of EPR signal assc_)ua_ted Wlt.h electrons  during An oxygen vacancy generates three-coordinate pyramidal
trapping, because a strong spiorbit coupling between the AlO3 units, in which one sporbital of the Al atom has lost

trapped electron and the Euion widens the EPR peak, an oxygen shorhital to make bonding/antibonding interac-
which then becomes undetectable. Second, it explains why . Y9 ! ingrant ng |
tion with. Therefore, the ¥ level corresponds to an empty

the emission spectra of SrA&,:EW?* in fluorescence and in : R . :

phosphorescence are different (Figure 8): the environmentsép; %rbtltta:nofbAl ' Wh'C? tf]houtlrd :etﬁorﬁg er'gbtl)y 23'0[\;\’ the

of the E¥* causing the phosphorescence is different from ottom, because ot the strength of the-At bond. Lue

that of the E@" causing the fluorescence, due probably to o the pro_X|m|ty betvv_een the Srand O atoms, the_orbltals of

the presence of the electron trap in its vicinity. This shift the Sr adjacent to this O vacancy point toward this vacancy

may reach 10 nm in CadDsEw" (440 nm against site. . _ .
The lone pair orbitals of the oxygen atoms surrounding

430 nm)34
" - )
It is important to determine whether phosphorescence iSthe SPE* vacancy are not stabilized with respect to those of

also related to the hole trapping, in other words, whether

Intensity (a.u.)
e

(35) Yuan, H.; Jia, W.; Basun, S.; Lu, L.; Meltzer, R.; Yen, 4.
Electrochem. So200Q 147, 3154.

(34) Hdsa, J.; Jungner, H.; Lastusaari, M.; Niittykoski,JJAlloys Compd. (36) Aitasalo, T.; Htsa, J.; Lastusaari, M.; Legendziewicz, J.; Niittykoski,
2001, 323 326. J. Radiat. Eff. Defects Solid2003 158 89.




Phosphorescence Mechanism for2EdDoped SrAJO, Chem. Mater., Vol. 17, No. 15, 2008911

the oxygen atoms surrounding the?Srcations. Conse-  vacancy, and the more strongly, 6 attracted to the cation.
quently, the \4 level is essentially the nonstabilized oxygen The ionization potentials of Bt, Dy3*, and St are 25.0,
lone pair level, which should lie slightly above the top of 41.5, and 43.7 eV, respectively. This means thatefects
the valence bands. are attracted to Bt cations thereby becoming electron traps,
The pocket of four @ ions surrounding an At vacancy ~ and the presence of a Bycation (with a lower ionization
would cause a significant destabilization due to the overlap potential than St) near EG* would reinforce the influence
repulsion between the %prbitals of the four @ ions and  of EL?" on Vo. The higher number of anion vacancies in
to Coulomb repulsion between the fouf Gons. Thus, the  the vicinity of E* (i.e., that of electron traps) as well as
Va levels should correspond to the oxygen lone pair levels the greater stabilization of &/(i.e., the greater trap depth)
lying significantly above the VB top and could act as a strong lead to a better phosphorescence upon codoping wifti.Dy
hole trap. We probe the implication of the above discussion further
DFT electronic band structure calculations of S@Jwith by examining how the ionization potentials of other®tn
Sr and O vacancies show that the, i6 located at 0.15 eV~ codopants influence the phosphorescence. This ionization
above the VB top, and thedevel is at 0.60 eV below the ~ potentials of LA" cations increases in the orde€e < Pr
CB bottom?!” These values are subject to errors but evidence < Tb < Nd < Sm< Dy < Ho < Eu<Er<Tm < Yb <
that the electron trap level &/is significantly deeper than Gd < Lu < La <.
the hole trap level V. From this series, we exclude the ¥uon because its
The thermal quenching of the 450 nm emission from intrinsic concentration at the thermodynamic equilibrium in
150 K prevents from detecting any deep hole traps by TL the phosphor is very low. In addition, we discard the*Sm
measurements. However, the conductivity is here associatec®d YB'™ ions due to the stabilization of their2 species in
only with hole traps, so their depths can be determined from the materiaf;*® and Cé*, PF*, and TE" ions due to the
thermo-conductivity measurements. The temperature depenstabmty of their +4 oxidation state. Then, the ionization
dence of the photoconductivity of Sr&,:Et?t, Dy3 mea- potentials of the remaining cations and those of the alkaline-
sured by Matsuzawa et al. between 70 and 30(uiéscribed ~ €arth cations Sr and Ca, show the order N®y < Ho <
above) shows that the hole traps correspond to detrappingEr = Tm < Sr<Gd < Lu < la<Ca<Y.
temperatures from 80 K up to 250 K. As the thermo-  This trend is opposite to that in the phosphorescence decay
luminescence of SrAD,;EW,Dy* measured by Beauger  time of STALO.EL?*,Ln®" with respect to that of the un-
presents a main peak from 230 K up to 440 K (i.e., the Co-doped SrAlO.:Eu, which decreases in the oréi&Dy >
temperatures for which the 450 nm emission is thermally Nd > Ho > Er > un-codoped> Gd > Y.

quenched), it is confirmed that the electron traps afe The phosphorescence decay time of GRAEW",Ln3*

overall deeper than the hole traps.V exhibits a similar tren& i.e., Nd > Dy > Ho > Er > un-
4.3. Role of the Dy* and B* Codopants. The phos- ~ codoped. _

phorescence of SraD,EW" is improved largely by co- As another support for our reasoning, we note that the

doping with Dy** 4 Nevertheless, the oxidation or reduction 10nization potential of E¥ is lower than that of St
of Dy3* is unlikely to occur under excitation in the visible, ~ (42.71vs 43.71 eV). This explains why the phosphorescence
so the role of Dy should be indirect. The variation of the ~Properties are improved by preheating underabecause
TL curve upon the codoping suggests that thé*Dgation the latter can lead to more oxygen vacancies arourid.Eu
increases the number and the depth of the electron traps. _The improvement of phosphorescence upon codoping with
From the viewpoint of charge balance, however, the substitu-B*>" could be due to an increase in the oxygen vacancy
tion of Ln*3 for SP* (Ln = lanthanide) should disfavor the ~concentration (probably related to the appearance of three-
occurrence of ® vacancies. In addition, both kA and Vi®® coordinate BQunits). Nevertheless, these vacancies are not
defects induce electron deficiency in their environment, so hecessarily close enough to Euto act as electron traps.
they should repel each other and hence*Dynay not Another reason might be the creation of acceptor levels lying
influence the trap depth of the oxygen vacancies. Thus, atWithin the forbidden gap due to the ability of boron to adopt
this stage, it remains unclear how the codopant$ Dy & triangular planar Beconfiguration. The replacement of
improve the phosphorescence in S@4:Eu. Al®* by a sp-hybridized B* leads to an empty 2p orbital at
As already mentioned, the electronic band structure the B’ site, which should lie considerably below the CB

calculations show that the strontium orbitals contribute to POttom. This replacement also leads to ahaital of the

) X . :
the oxygen vacancy level. It would be reasonable to suppose®*y9en uncoordinated toB, which should lie above the

that the orbitals of B4 (and Dy**) do so as well when the VB top. Such a hypothesis predicts extra peaks in TL, but

dopants (and codopants) are in its vicinity. An anion vacancy they have not been observed at‘éFinally, we note that
requires some electron density to gain stability. Thus, it is
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toward Ed* (with very low ionization potential) and thus
toward the electron trapsd/The strong participation of the
orbitals of B in the formation of the discrete level
associated with ¥ causes then a slight change in the déepth.

5. Concluding Remarks

The existing mechanisms of luminescence proposed to
explain the long lasting phosphorescence of SDAEL,-
Dy®" and related phosphors cannot accommodate a number
of experimental and theoretical observations. On the basis
of the fact that the d orbitals of Bl are located near the
CB bottom, Ed" concentration decreases under UV excita-
tion, and trace amounts of Euare always present in these
compounds, we formulated a new mechanism of phospho-
rescence in which Bt ions are oxidized to EXi under UV,
the released electrons are trapped at oxygen vacancies in the
vicinity of a photogenerated Et, and the phosphorescence
arises from the recombination of the trapped electrons at the
photogenerated Etisites with emission at 520 nm. Another
emission of SrAI0,:EW?*,Dy®" at 450 nm, which occurs at
low temperatures, arises from a charge transfer from oxygen
to residual E&" that takes place upon UV irradiation and is
associated with a hole trapping aéSvacancies. Our study
indicates that codoping with By enhances the phospho-
rescence because it increases the number of electron traps
in the vicinity of E?* and their trap depth.
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