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We report on the spectroscopic investigation of*Rfoped binary, ternary, and quaternary fluoride com-
pounds exhibiting photon cascade emission. Under vacuume-ultraviolet synchrotron excitation at wavelengths
below 200 nm in the #d bands of the Pt ion the emission spectra show intraconfiguratiorfallf transi-
tions originating from thelSo anngO multiplets. In the ternary and quaternary compounds investigated, i.e.,
Ca-, Sr-, Ba-, and Rb-fluorides, broadband emission due to transitions fronfitidedel of PP* are also
observed. The different types of emission transitions observed in the compounds investigated were analyzed in
detail. The internal quantum efficiency for the visible spectral ra888 nm—750 nrj) 7, is determined with
the help of the Judd-Ofelt theory and the branching ratios ofl%eemission transitions. The dependence of
this quantum efficiencyy,;s from the ionic radius of the second catid®, ), the effective ligand distance, and
the coordination number is investigated.
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. INTRODUCTION step, i.e., the’P, ;—°F;,°H; transitions. These transitions
are accompanied almost completely by visible emisésae

Luminescent materials with a quantum efficiency highera|so Fig. 1. The condition for the cascade emission to occur
than unity might play a significant role for lighting applica- js that the 45d level is located energetically above th@,
tions, especially in discharge lamps. Environmental reasongyel, which is located approximately at 46 500¢m
may force the replacement of mercury gas by xenon gas. The The visible emission from théP, level is very suitable
latter emits at wavelengths around 172 nm, thus at shortegith respect to the spectral sensitivity of the human eye,
wavelengths compared to the Hg discharge, where the meafbwever, the blue emission from the first step occurs at a too
emission wavelength is around 243 nm. Therefore, the phosshort wavelength. Until now an efficient conversion into the
phors to be used in the Xe-discharge lamp need to have gsible spectral range was not successful without losing the
photon conversion efficiency of 140% of that for the com-gyerall quantum efficiency 1.
monly used phosphors. Since the latter have photon conver- |n this paper we focused on Pr-doped yttrium, lutetium,
sion efficiencies of approximately 90%, the Xe-dischargeand lanthanum fluoride compounds. We investigated a series

phosphors need to have an average photon conversion effif materials with different coordination numbers, different
ciency of approximately 125%. Thus, the challenge of this

ongoing work is the development of efficient luminescent E[10° em’]
materials which compensate for the additional energy re-
quired when using the Xe discharge. Suitable materials are 80T 4esg
so called “quantum cutters” or “photon cascade emitters,”
which generate more than one visible photon after absorbing 501 g
a vacuum-ultraviolefVUV) or ultraviolet(UV) photon. o o

Besides the recently found quantum cutters, such as w0l A= 400 nm ('S -l (~ 80 %)
Euw**:LiGdF, and EF*, Tb**:LiGdF,1? Pr**-doped materi- = 530 (5D 1%
als with their well separated energy levels are promising can- A= 2700m (5,+'6,) (~ 12%)
didates for this mechanism. The photon cascade emission 30T 12250 nm (S,-5'F) (~5%)
was observed in YFby Sommerdijket al3“and Piperet al>
The energy-level scheme of ¥rYF; is shown in Fig. 1. 20+
After an efficient optical absorption into thd3t bands at a
wavelength below 200 nm, the energy is nonradiatively 101
transferred to thés, level of the 4 manifold, which is the
starting level of the two-step emission process. The first step
of this cascade is thts,— I, transition in the blue spectral
range around 400 nm. This transition has a branching ratio of FIG. 1. Energy-level scheme of PrYF;. The transition
60-80 %, depending on the host material. It is followed—branching ratios for the main transitions of the cascade are also
after thermal relaxation into th:éDO,l levels—by the second given (Refs. 5 and 3p

.Y

2™ step

A =480 nm (*P,-°H,) (~ 22 %)
1= 610 nm (P-°H,) (~ 68 %)
A =640 nm (°P,=°F,) (~ 3 %)
A =720 nm P,=F) (~ 5 %)

N

o

N

©
-
<

w
=

0..

J

1098-0121/2005/716)/16511215)/$23.00 165112-1 ©2005 The American Physical Society



KUCK et al. PHYSICAL REVIEW B 71, 165112(2005

TABLE I|. Materials investigated, Bt concentration in the melt, results of the investigation of the phase
purity, and type of emissionPCE exhibits cascade emissiond:5exhibits 5 emission;TC. thermally
activated B emission;OC: at least two optical centers observed. *: in the melt, real concentration much

lower.

No. Compound P concentration(at%) Phase Type

1 YR 0.13 OK PCE(Refs. 3-5
2 NaYFR, 0.08 OK PCE(Refs. 3,4
3 Lak 0.2 OK PCE(Ref. 7)

4 Nalak 0.08 OK PCE(Ref. 5

5 LuRs 0.2 OK PCE(Ref. 9

6 KMgF; 0.15 single crystal PCHRef. 6, OC (Ref. 15
7 BaMgk 0.2 OK PCE(Ref. 9

8 PrR OK PCE (Ref. 10
9 CaggoY¥oiFas 0.02 OK PCE, 8, OC
10 NaLCaoY11Fs 0.05 OK PCE, 8, OC
11 Cagdagadass 0.05 OK PCE, 8, OC
12 NaggCaga; oFg 0.05 not analyzed PCEdJ50C
13 Ca god-Ug7> 0.01 OK PCE, 8, OC
14 SrYR 0.07 not identified PCE,& TC, OC
15 SpedagaiFo a1 0.05 not identified PCE,& OC
16 BaYsFy; 0.06 OK PCE, 8, TC, OC
17 Basglagsss 0.05 OK PCE, 8, TC, OC
18 RbYFg 0.05 not analyzed PCEAJ5TC, OC
19 RbLwFg 0.05 crystalline not analyzed PCHJ,50C

ionic radii of the second cation, and different ionic distancesadius (< ~1.4 A) of a second cation present in the com-
in order to analyze their effects on the quantum efficiency. pound supports cascade emission. This observation can be
explained by the nephelauxetic effect. From the phenomeno-
Il. MATERIALS SELECTION AND PREPARATION logical point of view, possible cascade emitters can be found
] ] by looking at the energy-level schemes of 3Ce
From literature studies, e.g., Refs. 6-13, and also fronporenbo$213 showed for a large number of materials that
preliminary investigations in our research group it was aSthe energetic positions of the lowest54 band of all the
sumed that there are several requirements for the host lattiGgre-earth ions within a specific host material are correlated
of the PP* ion in order to provide a cascade emission. Fromi each other. For the Prion the following relation between
the physical pOint of VieW, a h|gh coordination number of thethe lowest states of thefB8d levels of Cé+ and P?""
Pr3* ion leads to a small crystal-field splitting of the5 E(Ce**,5d) and E(Pr3*, 4f5d), holds:
states. This can be explained by the fact that for a higher
number of nearest neighbors the spherical-symmetricegart E(Pr?*,4f5d) = E(C€e**,5d) + 12 240 cm' + 750 cmi™.
of the crystal-field perturbation increases, whereas the non-
spherical-symmetric part, expressed by the energetic splitting
caused by the crystal field, decreases, b

Thus we chose a variety of materials, which fulfilled the
ove-described conditions or looked promising, according
to the phenomenological results obtained by Dorenbos.

go(6) = %80(8) = %80(12), These materials were the known pure cascade emittegs YF
NaYF,, Lak;, NalLaF, Luk;, KMgF; BaMgF, PrF;, the
A(6) =— gA(s) =-2A(12), Ca-compounds GaYo1Fo.1 N&p oCa oY 1.1F6

_ o Cayesla0.3 235 NageCapglarFs, Capood-UogrF7 and the
where the number in brackets represents the coordinatioBr-compounds SrYd: and Sy gd-ag 31F» 33. Furthermore, we

number (6 for an octahedron, 8 for a cube, and 12 for aalso investigated the Ba-compounds ,BgF;; and
cube-octahedrgnAs a result, a higher coordination number BaysLagsF»5 and the Rb-compounds, R¥Fg and
leads to a more elevatedt configuration and a reduced RbLusF;, which do not fulfill all the conditions stated
splitting of the energy levels. This of course favors a situa-above.

tion in which the 45d levels are energetically higher than  Most of the materials were prepared by stoichiometrically
the 180 level of the 42 configuration. A large radius of the mixing the starting materials. The Pr concentrations in the
substituted lattice site reduces the crystalline field and thumelt are given in Table I. After heating them above the melt-
also favors cascade emission. Also it was found that a smaihg temperature and slowly cooling them down to room tem-
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perature, polycrystalline or single crystalline samples were V. SPECTROSCOPIC RESULTS—EMISSION SPECTRA

obtained. The purity of the phases of most of the compounds | jnvestigated materials exhibited photon cascade emis-
was inspected by the University of Cologne using the pow-jon. However, except for YENaYF,, LaF,, NaLaF, LuFs,

der diffraction methodsee also Table)l In some cases the and BaMgR, all compounds also showed a broadband emis-
structure analysis revealed different compounds than insjon at room temperature. In order to find out whether this
tended. In these cases the starting materials were mixed agroadband emission was caused by the thermal coupling be-
cording to the results of the structure analysis, and they wergveen the'S; level and the 45d levels, emission spectra
newly prepared. In the case of KMgR single crystal was were also taken at a temperature of 10 K, and the emission
grown by the Czochralski method. The results of the StrUCdecay curves were measured. In the case of a Wave|ength-

ture analysis are summarized in Table I. independent decay characteristic, it was assumed that only
one emitting center existed in the compound. In case of a
IIl. EXPERIMENTAL SECTION wavelength-dependent decay, at least two centers were

present in the compound. In the following the different com-
The spectroscopic investigations were carried out at th@ounds investigated will be discussed.
SUPERLUMI station of HASYLAB (Hamburger Synchro- _
tron Laboratorium at DESY (Deutsches Elektronen- A. Pure cascade emitters
Synchrotron in Hamburg. For details of the experimental ~Among the materials investigated, the compounds, YF
setup see Refs. 10 and 14. The experiments were performé¢hYF,, Lak;, NaLaF, LuF; and BaMglh exhibited pure
at room temperaturéRT) and at 10 K. The spectral range of photon cascade emissions with no influence from other emis-
the excitation measurements was 100 nm—350 12 eV—  sions such asd host, or impurity emissionsee Fig. 2. For
3.5 eV) with a resolution of 0.3 nm. The excitation spectra PrF; also a broadband emission between 260 nm and 320 nm
were corrected for the photon flux of the excitation beam bywas observed, most probably due to a host transifidRe-
using the excitation spectrum of sodium salicylatecently, also for KMghk, a second emission center was ob-
(C;HsNaO;) as the standard. The emission spectra wereerved exhibiting a broadband emissiérin the emission
measured with two setups. In the 200 nm—800 nm spectralpectrd Fig. 2], bands at about 250 nm, 270 nm, 335 nm,
range a 0.3 m monochromatdActon Research Corp., and 400 nm were observed, which are characteristic for the
SpectraPro-308and a CCD cameréPrinceton Instruments  transitions from the'S; to the °F,,'G,,'D,, and Iy multi-
Inc.) were used. Additionally, in the 200 nm—300 nm rangeplets, respectively. The branching ratios for these transitions
the same 0.3 m monochromator and a photomultipliewere on the order of-5-10 %,~10-25 %,~2-15 %, and
(Hamamatsu R6358vere used. In the setup with the photo- ~60-80 %, respectively. In all materials, th&,— I, tran-
multiplier a time-dependent measurement is possible by ussition around 400 nm was clearly the strongest. The emission
ing different time windows for the detector responses. Thebands around 480 nm, 530 nm, 610 nm, 640 nm, 690 nm,
time-integrated, short-time window and long-time window and 710 nm belonged to the transitions betweerfdevel
measurements covered time intervals of 0-192 ns, 0-40 ngand  thermally ~ coupled 3P, level) to the
and 100-192 ns, respectively. Thus the short-time and long*H,,%Hs,*Hg, °F,,%F5, and °F, levels, respectively. In the
time emission spectra allow discrimination betweeitian-  emission spectra taken within the spectral range of 200-300
sitions(decay times typically<20 n9 and 4 transitions(de-  nm additional emission lines were observed due to the tran-
cay times typically~ us for 'S, decay$. The resolutions of  sitions from'S;, to the®H,,*Hs, °Hg, and®F, levels[see Fig.
the emission spectra are approximately 0.5 nm, if not other2(b)], located at about 215 nm, 225 nm, 236 nm, and 242
wise stated in the figure captions. nm, respectively. The transition to tAE, level was expected
For both setups the correction curves in the spectral rang® be at 249 nm and was observed in some materials as a
between 200 nm and 450 nm were not available at the timegmall shoulder in théS,— °F, emission line. In general, all
of the experiments. Therefore, a different correction procethese transitions were weak, and the sum of their transition
dure was carried out, as it was performed(iRef. 6. The  branching ratios is on the order of a few percent.
photon fluxes of the Pf emission bands in Pt: YF; origi- The PP* ion substituted for the trivalent rare-earth-ion
nating from the'S, and®P, level were measured by Pipet  site in the lattices investigated. A substitution for the' a
al. and are given iriRef. 5. Thus, by comparing the branch- Mg?* site was not expected from the consideration of the
ing ratios 3 measured in our experiments forPPriYF; with  jonic radii [see Table I(data taken from Ref. 2§ and also
those results, the correction factd@sfor the specific wave- was not observed. Together with the known PCE compounds
length regions were determinefiB(YF3)=CBe(YF3)].  LaZrF, a-LaZrsFy5'" and BaSik (Ref. 18 they all fulfilled
These correction factors were then used for the determinatiotihe characteristics stated in Sec. Il, with only one possible
of the 13) branching ratios of the material investigafe@.,  site for the P$ ion, a small radius of the second cation
B(X)=CBexgX)] and the theoretical quantum efficiency. (<1.4 A (note that in case of just one cation its radius was
The kinetics of the emission decays were measured by taken into accoufnt and a high coordination numbée8)
standard single-photon counting method. The determinatiofsee Table Il).
of the decay of the emission was limited by the period of 192

ns between the synchrotron radiation bunches. Therefore the B. Ca compounds
decay times given in this paper have to be considered as The overview emission spectra of the Ca compounds
estimates. investigated, ie., GaYoiFan Nay oCap oY 1.1F6,
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FIG. 2. Room-temperature emission speduacorrectefl under excitation at approximately 190 nidMgF;: 172 nm of the pure
cascade emitters ¥FNaYF,, LaF;, NalLaF, LuF;, KMgF;, BaMgF,, and Prk. () 200 nm—-750 nn{CCD camera (b) 200 nm-300 nm
(photomultiplier or CCD camera, resolution approximately 0.3.nm

Caygdag 3235 NagdCaygdlas oFg, and Cag,d-ugsF7, are  excluded. This also supported the assignment of two inde-
shown in Fig. 8). The transitions from theS, level as well  pendent P¥* centers in these materials. The different decay
as those from théP, level are clearly observed, indicating characteristic of the emission at different wavelengths is
photon cascade emission. Looking in detail into the shortshown in Fig. 5 for P¥":Ca, oY o 4F, ; for wavelengths of 220
wavelength spectrgsee Fig. 8)], for all of the five Ca-  nm (pure 5l emission and 250 nm(mixed 5 and'S, emis-
compounds investigated, a second emitting center is obsion). Under VUV excitation at 190 nm, the decay at 220 nm
served, exhibiting a broadband emission assigned tal a 5was single exponential with a decay time of about 20 ns,
emission. For Cgedagsdo3s and NagCagday JFs this  whereas the decay at 250 nm could be fitted with a double
emission is barely seen. We tentatively assign the center exxponential decay function with approximately 20-ns and
hibiting a photon cascade emission to &'Ron substituted  3000-ns decay times. These decay times matched the ex-
for the trivalent rare-earth-ion site in the lattices. The centepected decay times for &8d— 4f2 and SO_>4f2 transition.
exhibiting the % emission is tentatively assigned to the sub-
stitution of the C&" site in the lattices. Its occupation is less
probable than the substitution of the trivalent Y, La, or Lu
sites, and this explains the low photon fluxes observed for The overview emission spectra of the Sr compounds in-
the & emission, despite the fact that they are electric-dipolevestigated, i.e., SrYd Sty gd-ag.3iF».31, and Srk (for com-
allowed and supposed to be strong. The temperature depeparison, are shown in Fig. &. For SrYR and
dence of the emission spectrum was also investig@ecept  Siyed-ag31F2.31 €mission transitions from théSD level as

for Nay §Cay glay JFs) [See Figs. @)—4(d)]. Besides a ther- well as from the® P, level are clearly observed, indicating
mal broadening of thefdtransition bands, the emission spec- photon cascade emission. Looking in detail into the short-
tra at 10 K and at room temperature were nearly unchangeavavelength spectrgsee Fig. @)] all of the Sr compounds
Thus, a thermal coupling between the emitting centers wagvestigated exhibit a second emitting center with a broad-

C. Sr compounds
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TABLE II. Effective ionic radii in fluorine coordinatioriffrom Ref. 16. *: estimated from the value for

La.
Coordination

lon 4 6 7 8 9 10 12
Li 0.73 0.88
Na 1.13 1.16 1.27 1.30 1.46
K 1.52 1.60 1.65 1.69 1.73 1.74
Rb 1.63 1.70 1.74 1.80 1.87
Mg 0.72 0.86 1.03
Ca 1.14 1.21 1.26 1.32 1.42 1.49
Sr 1.27 1.55 1.39 1.46 1.54
Ba 1.50 1.53 1.56 1.61 1.66 1.74
Sc 0.89 1.01
Y 1.16 1.24
La 1.19 1.24 1.32 1.34 1.42 1.46
Lu 1.00 1.11
Pr 1.14 1.28 1.32

band emission assigned to ad5emission. For the SF* site in the lattices. As for the Ca compounds, the
Sry sd-ag.31F2 31, this emission is barely seen, as in the case obccupation was less probable than the substitution of the
Cagdag 392 35 We tentatively assign the center exhibiting trivalent Y, La, or Lu site, and this explains the low photon
photon cascade emission to a®Pion substituted for the fluxes observed for thedsemission. It should be noted that
trivalent rare-earth-ion site in the lattices. The center exhibfor SrYF; crystal data were not available, thus the structure
iting 5d emission is tentatively assigned to the substitution ofof this compound is not clear. A structure analysis gave no

TABLE Ill. 709" 7% and 7, ;0: quantum efficiencies; PPCE site: substituted site with cascade emissiBg;: effective ligand
distance[defined aR.=R;—0.6 AR (Ref. 33, whereR, is the ligand distancéRef. 39 andAR is the difference between the ionic radius
of P* and the cation, which is substitufedR,,¢ ionic radius of the 2nd catiofRef. 16; CN: coordination number of the lattice site
substituted by the Bt ion (Ref. 39; Pr &d site: substituted site with broadband emission. NA indicates that a determinatigp gf is not
possible, because thermal coupling as well as a second optical center is observed. “?” indicates a tentative assignment.

No Compound g 7o This.J0 Pr PCE site RondA) Rert(A) CN Pr 5d site
1 YF3 1.59 1.59 1.59 Y 1.24 2.27 9

2 NaYF, 1.43 1.43 1.43 Y 1.30 2.30 8

3 LaF; 1.45 1.45 1.45 La 1.34 2.44 9

4 NaLaF; 1.46 1.46 1.46 La 1.16 2.44 8

5 LuFs 1.59 1.59 1.59 Lu 1.11 2.16 8

6 KMgF3 1.29 1.29 1.29 K 0.86 2.98 12

7 BaMgF, 1.30 1.30 1.30 Ba 0.86 2.93 8

8 Pri 1.23 1.23 1.23 Pr 1.29 2.64 9

9 CaoYoFay 1.46 115 1.46 Y 1.26 2.10 8 Ca
10 Nay Cap oY 1 1Fe 1.32 0.68 1.32 Y 1.39 231 9 Ca
1 CacdagsFass  1.38 1.23 1.38 La 1.26 2.37 8 Ca
12 NaygCasay Fs  1.26 1.04 1.26 La 1.39 2.36 9 Ca
13 C.024-U o7 F7 1.44 0.98 1.44 Lu 1.26 2.22 8 Ca
14 SrYF; 1.22 0.75 NA Y 1.39 2.25 8 Sr
15 Sb.6d-80 31F2 51 111 0.98 111 La 1.39 2.56 8 Sr
16 BaY 3F - 1.67 0.74 NA Ba? 1.24 8 %
17 Bay L2 F» 5 1.39 0.64 NA Ba? 1.34 8 La?
18 RiYFg 1.47 0.67 NA Rb? 1.00 8 Y?
19 RbLWF;, 1.34 0.94 1.34 Rb? 1.00 8 Lu?
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clear result; however, a decomposition into Sdnd YR lengths for P¥*: SrYFs is shown in Fig. 7a) for wavelen%ths
was also not observed in the structure analysis. Also the olif 240 nm(pure 5l emission and 252 nn{mixed & and™S,
served emission spectra do not look like the spectra of YFemission under VUV excitation at 190 nm, giving a single
or Srk, [see Figs. @) and 2b) and Figs. 63 and Gb)]. exponential with a decay time of about 25 ns and a double
Therefore, we tentatively refer to this compound as S§rYF exponential decay with decay times of 25 ns and 250 ns,
throughout this manuscript. The temperature dependence oéspectively. These decay times are also in agreement with
the emission spectrum was also investigdteee Figs. &)  the expected values.

and €d)]. For SrYR an increase in thedbemission bands For Sped-ag 31231 the emission spectra at 10 K and at
compared to théS) emission bands was observed with in- room temperature were nearly unchanged. As for the Ca
creasing temperature, indicating a thermally activateld 5 compounds, a thermal coupling between the emitting centers
emission for the center exhibiting cascade emission. The difeould be excluded. The decay characteristic is shown in Fig.
ferent decay characteristic of the emission at different wave7(b), exhibiting a double exponential decay of approximately
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FIG. 4. Emission spectra of the Ca compoufaiscorrecteglunder excitation at approximately 190 nm at room temperature and at 10
K for different time windows of the photomultiplieta) Ca, oY ¢ 1F>.1. (b) Nag.¢Cay oY 1.1Fs- (C) Caygdagzd».35 (d) Cap god-U g757.

20 ns and 500 ns. This observation supports the assignmesitown in Fig. 8a). For both compounds, emission transitions

of two independent Pf centers in this material.

D. Ba compounds

The overview emission spectra of theé Pdoped Ba com-
pounds investigated, i.e., BésF; and BgslagsF,5 are
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FIG. 5. Decay characteristics at 10 K of®PrCa, oY 1F, 1 at
different monitoring wavelengths.

from the 'S, level as well as from théP, level are clearly
observed, indicating photon cascade emission. Looking in
detail into the short-wavelength specfisee Fig. &)], the

Ba compounds also exhibit broadband emissions assigned to
5d emissions.

For BaY 5F;; the low-temperature emission spectra of the
short-time and long-time windows are differefgee Fig.
9(a)]. Thus two optical centers are identified. However, the
room-temperature emission spectra of the short-time and
long-time windows are very simildsee Figs. &) and 9a)].
Furthermore, the short-time window spectra at low and room
temperatures are similar, whereas the long-time window
spectra differ significantlysee Fig. €a)]. Thus we conclude
that in BaY 5F;7 the P?* ion occupies two different centers,
one emitting from the & level, and the other emitting from
the 13) level at low temperatures. At room temperatures, a
thermal occupation of thedblevels of the latter center oc-
curs, yielding a mixedlaj and 5 emission. The room-
temperature decay characteristics of"PBa,Y 3F;; under
excitation at 190 nm at monitoring wavelengths of 272 nm
(upper tracgand 220 nm(lower traceg are shown in Fig. 10.
Both decays are single exponential, however, with short, but
different decay times. These observations support the assign-
ment of two centers, one being purelg Bmitting, and the
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FIG. 6. (a) Room-temperature emission spectra of Si&rYFs;, and Sggd-ag 31231 Besides the cascade emission, also broadband
emission from the #6d level is observed(b) Room-temperature emission spectra between 200 nm and 280 nm for different time windows
of the photomultiplier. For SrYfand Srk; two different centers are observéd) Emission spectra of Sr¥gFat room temperature and at 10
K for different time windows of the photomultiplier. For Sr¥fhermal coupling is observedd) Emission spectra of §gd-ag 31> 31 at
room temperature and at 10 K for different time windows of the photomultiplier. FogdSa, 31F».31 @ weak second optical center is

observed. All spectra are not corrected for the monochromator-detector responsivity, and they were measured under excitation at approxi-
mately 190 nm.

other being thermally activated, leading also to a small decain Fig. 11(a). For PE*-doped RBYF emission transitions
time. From the consideration of the ionic radii of the secondboth from the'S, level as well as from théP, level are
cation, the effective ligand distance, and the coordinatiorclearly observed, whereas for doped RbLyF,o the
numbers in this compountsee Table Il we further con-  emission from théP0 level is rather weak. Both compounds
clude that the & emission occurs from Ptions on theY  are cascade emitters. Looking in detail into the short-
site, e.g., in Ba¥Fg, where the PY ion enters solely th&r  wavelength spectrigsee Fig. 11b)] both compounds also ex-
site, & emission is also observedee Fig. 8 The thermally  hibit broadband emission assigned to @ &mission. For
coupled 42 and 45d emissions occur from Ptions on the RbLWF; the room-temperature emission spectra of the
Ba lattice site, e.g., for BaMgFand BaSik cascade emis- long-time and short-time windows are very different, thus
sion is also observet!? two optical centers are present in this compound. The room-
For Ba gLag 5, 5 similar observations are mafieee Figs. temperature decay curvgshown in Fig. 120)] also support
8(b) and 9b)]. Also here it was assumed that the’Pion  this assumption. Furthermore, we assume that the cascade
substitutes at both the rare-earth-ion site as well as the Bamission might be caused by the substitution of the Rb site in
site. The Ba site exhibited purjéiJ emission at 10 K and the lattice, which has a high coordination number and a large
mixedlsb and 5 emission at room temperature, whereas theonic radius. The PY ions substituting in the Lu site are
Pr** ion on the La site exhibiteddbemission. assumed to emit from theddevels. For RRYFg, the situa-
tion is somewhat different. Here also in the long-time win-
dow emission-spectrum broadband emission bands are ob-
The overview emission spectra of théRdoped Rb com-  served. Thus we tentatively conclude that two optical centers
pounds investigated, i.e., RFg and RbLuF,,, are shown are present in RYFg. The room-temperature decay charac-

E. Rb compounds
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FIG. 7. (a8 Room-temperature decay characteristics of FIG. 8. (a) Room-temperature emission spectd0 nm-750
Pr*:SrYF; at different monitoring wavelengths(b) Room- nm, uncorrectedof the Ba compounds investigateth) Room-
temperature decay characteristics of*PBry gd-agaiFo31 at 242  temperature emission spectfancorrecteyl between 200 nm and
nm, indicating the double exponential decay. All decay curves wer@80 nm for different time windows of the photomultiplier. For com-
measured under excitation at approximately 190 nm. parison, the emission spectrum of B#&Y is also shown. All spectra

were measured under excitation at approximately 190 nm.

teristics of P#:Rb,YFg for different monitoring wave-
lengths are shown in Fig. 1&. They also indicate two op-
tical centers with relative short, but single exponential
lifetimes. One center exhibits solely a ®Bmission, and we
tentatively assign this center to®Prions on the ¥* lattice

tion band in the spectral region of the Xe-discharge, which
spans approximately between 140 nm and 185 nm with two
peaks at approximately 150 nm and 170 Hithe excitation
spectra for the'S,— *l, emission band around 400 nm are

; ; . : o - shown in Fig. 13 for the compounds investigated. Most of
site, while the other exhibits a mixé,/5d emission and is the materials have a strong excitation band between 180 nm

t_entat_|vely assigned to Prions SUbSt'tUt'.ng in the Rolat- and 200 nm belonging to th#,— 4f5d bands. These tran-
tice site. However, for a clearer analysis, low-temperature-

measurements spectra would be necessar sitions are parity allowed and thus very strong, as can be
In summary, VF\)/e have found in the cor?nlpounds investi—c " from the comparison with tﬁbl4—>1$)_ ex_citation line
gated several aiﬁerent types of emission transitions Thesaround 215 nm. Although these main excitation b_ands are at

. o omewhat too long wavelengths for an ideal excitation with
are pure cascade emitters, compounds exhibiting cascaﬁg

emission as well as broadband 8mission due to two opti- e Xe-discharge, some of the materials also at least exhibit
cal centers, and compounds exhibiting cascade emissign wi xcitation bands in the spectral region of the Xe-emission.
' P 9 or a detailed analysis of the excitation bands, low-

;ct)?]egggl%jgtgiﬁg f;:ggslsézrr]\tgfswlery%sbz gﬂ:r?rfar?;/sof temperature spectra and high-resolution spectroscopy would
oo diﬁerént S it for.the compounds investi-be necessary, wh|c_h are beyon_d the scope of th_ls WOF!(. Th_us,
T only a basic analysis of the excitation spectra will be given in
gated is given. the following. In general, for a #d configuration 140 en-
V. SPECTROSCOPIC RESULTS—EXCITATION ergy levels are ex'pected to be formed by the product states
from the electron in the #shell (14 statesand the electron
For possible application in Xe-discharge lamps, it is re-in the 5 shell (10 states A basic and very simple interpre-

quired that the potential phosphors exhibit a strong absorpiation is possible in terms of a strong field assignnféat.

165112-9
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FIG. 10. Room-temperature decay characteristics of
Pri*:Ba,Y 5F;7 at monitoring wavelengths of 272 nfapper tracg
and 220 nm(lower trace. All decay curves were measured under
excitation at approximately 190 nm.

This observation supports the assignment and conclusion in
the previous section concerning the different'Rienters. It
should be noted that excitation measurements of the second
emission center were not performed for all compounds.

VI. SPECTROSCOPIC RESULTS—QUANTUM
EFFICIENCY

For a potential use as a lamp phosphor, the quantum effi-
ciency of the emission is one of the most important param-
eters besides absorption efficiency, emission wavelength, sta-
bility, and production costs. Thus at the beginning of this

temperature and at 10 K for different time windows of the phom'section we would like to introduce and define the different

multiplier. (b) Emission spectrauncorrectegl of BaysY s, 5 at

room temperature and at 10 K for different time windows of the
photomultiplier. All spectra were measured under excitation at ap-

proximately 190 nm.

types of quantum efficiencies used in the following. These
are in specific

(i) external quantum efficiencyje=the number of emit-
ted photons in the visible spectral range divided by the num-

The assignments of the observed bands are based on tRer of excitation photons. This is the value that is most im-
assumption that the major contribution to the energy-leveportant for applications; it contains the absorption efficiency

splitting originates from the orbital splitting of thed%lec-

and, if observed for a long time, also the stability of a phos-

tron states of the Bt ion. Thus, two groups of bands can be phor.

assigned, consisting of the two bands of tﬁéid(eg) states

(i) internal quantum efficiencyy,;=the number of emit-

and the energetically higher group of three bands of théed photons in the visible spectral range divided by the num-
4f*5d(tzg) states, giving in total five broadbands sorted intober of ions in thels0 level. This value excludes the absorp-

two groups. This can be observed for )YEuF;, LaF;, and

tion efficiency and thus characterizes only the efficiency of

KMgF; rather clearly, but for the other compounds only the emission. The long-term stability can be observed.

barely. Further splitting of these bands occurs due to the (iii) internal

theoretical quantum efficiencyzys ;0

spin-orbit interactions of thef4electron and due to crystal- =the number of emitted photons in the visible spectral range,
field splitting. In most of the excitation spectra for the com- calculated by the Judd-Ofelt theory divided by the number of

pounds investigated we also observe%ﬁg—» 1SD excitation
line on the long-wavelength side of tﬁel4—>4f5d excita-
tion bands. This indicates that in these materials'&gevel
is below the 45d levels, giving rise to cascade emission.

In the excitation spectra of B¥3F;;, RbYFg and

ions in thels0 level (see the details belgwThis value char-
acterizes only the efficiency of the emission by measuring
the emission from théSO level. The long-term stability can-
not be observed.

(iv) internal approximated quantum efficiencyss s

RbLW;F;, (see also Fig. 13the second optical center is also =the number of emitted photons in the visible spectral range,
clearly observed. The monitoring wavelengths were 235 nmestimated by the measured branching ratio of 1&g 115
230 nm, and 311 nm, respectively, i.e., at wavelengths whertsansition divided by the number of ions in th&, level. This
the 5 emission occurgsee also the discussion in Sec.)lV value characterizes only the efficiency of the emission by
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FIG. 12. Room-temperature decay characteristics (af

FIG. 11. (3) Room-temperature emission spedt2®0 nm-750  Pr*":RbYF (excitation wavelengths at 190 nm and 210)rand

nm, uncorrectedof the Rb compounds investigate@) Emission  (b) Pr*:RbLuF, (excitation wavelength at 190 nnat different
spectra(uncorrectefl between 200 nm and 280 nm for different monitoring wavelengths.

time windows of the photomultiplier. For all materials two different

centers are observed. All spectra were measured under excitation 29)- Th? sma{ler these ratios are, the higher is the probability
approximately 190 nm. for the 'S,— !l transition and for transitions from thP,

located in the visible range. In Fig. 14 the visible quantum
measuring the emission from tH@O level. The long-term efficiency 7s ;o for different ratios of the Judd-Ofelt param-
stability cannot be observed. etersQ,/QOg and O,/ Qg are plotted. It is well known that

The external quantum efficiency,,, for the visible light ~ Judd-Ofelt calculations for the Prion usually fail. This

of a luminescent material can in principle be determined exholds especially for the branching ratios of the transitions
perimentally, but due to experimental difficulties, especiallyfrom the®P, level and the’P,, decay time. It is assumed that
in the VUV range, this is not an easy and thus not a commorthe proximity of the 8l levels has a strong affect on the
procedure. Furthermore, especially in the first stages of thgansition probabilities and energy-level wavefunctions. Thus
development of a new compound, the measurements mighite approximations used in the Judd-Ofelt theory are no
be disturbed by impurities in and contaminati@g., oxy- longer valid(see e.g., Ref. 2)6The1$0 is energetically very
gen of the compounds. Thus, attempts to predig}; for  close to the 8 levels, and therefore an even stronger influ-
Pr**-doped materials by applying the Judd-Ofelt thédr§#  ence of the 8 levels on this level is expected. The validity of
were made already in the 1979% If one takes into account the Judd-Ofelt calculations are therefore, of course, also
the reduced matrix elemenigl||> and the oscillator strengths questionable. However, the calculation based on the above-
for all transitions involved in the photon cascade emissiordescribed fitting procedure describes the experimentally ob-
process, it follows that the ratios between the phenomencserved branching ratios very well. Furthermore almost all
logically determined Judd-Ofelt parametef3,/(}g and transitions from théPO.l levels occur in the visible spectral
0,4/Qg determine the value for the internal theoretical quan+ange. Thus the calculated values for the internal theoretical
tum efficiency 7 30, Which is considered to be a good es- quantum efficiencyn;s ;o are expected to be rather reason-
timate for 7., TheseQ,/Qg and(,/ Qg ratios can be deter- able, as will be seen in the discussion below.
mined by a fit to the experimentally observed branching However, before the determination of the branching ratios
ratios of thelsb emission transitionésee e.g., Refs. 6, 9, and and the following Judd-Ofelt calculations can be performed,
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one has not only to perform the correction procedure con-— 1|6 and 3P0_1H4f2, which are between 380 nm and 750
cerning the spectral responsivity of the set(igspectral nm. A lower limit for the quantum efficienc;y{%“yJO can also
correction”—see section N It is also necessary to take into be determined by taking into account the above-described
account the emission bands in the spectra, which are not dugiditional emissions from different centers or levels as com-
to the S transitions, e.g., &-4f transitions from the same peting processes. Thtﬁﬁgjo:ﬁmﬂc;gb with B, as the

or a different center, charge-transfer transitions, and hositio petween emissions from th&, level to all emissions

correlated transitions, which overlap with th& transitions.  petween 200 nm and 450 nm. The values #t,o are also
These additional emission bands have to be deducted fir tven in Table III. The determination of both \'/alue#;iigh

from the measured emission spectrum in order to obtain th nd low i

1 o " S Tvisyor Makes sense if one considers that for each of the
Phu;i? t?ai?ﬁ?ﬁéo?aigggigﬁgscgrrétﬁocr%”ed determination Ofcompounds the origins of the additional emissions, their in-

Applying these correction procedures to the materials in_ﬂgence on the quantum efficiency of the emission in a spe-

vestigated, we obtain the Judd-Ofelt parameters and QUantuﬁﬁf'C c?ml;))ound,land dthe Sof's.'lb';'_thy. of rﬁldgcwég this lntf:]ue?cle
efficiencies )2, listed in Tables Ill and V.7 repre- I ave to be analyzed in detail. This will be done in the fol-
sents an upper limit for the quantum efficiency. Its value'©"V!"9:

. 1 . . . .
considers only transitions belonging to the cascade,'s., (i) Pure’S, emission. A correction is not necessary and
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e N A S R AL level, and the emissions from tH&, level and & levels do
3 —0,/0,=0 not affect each other. A correction is necessary apgho is
P —=- )0, =004 close to n{ﬁ;‘fjo. Within the group of materials investigated

s here, this case was also not observed.

(iv) Mixed 'S, and 5 emissions with two centers. The
value for 7, 50 is estimated to be close ti2h,. A substi-
tution of a different host lattice site by thegPrion is as-
sumed, which exhibits & emission. However, it might be
possible to suppress—at least partly—thedecénters from
incorporation by the appropriate preparation of the com-
pound. Thus,n\')i'g'jo describes more accurately the spectro-
scopic behavior of the center exhibiting cascade emission.

Examples discussed in this manuscript are, &3 1F 4,

1'800 0_64 0.08 0.12 0.16 T 0.20 NaO.QcaO.Qil.lFG! Ca).GdﬁO.BSFZ.BS N30.8C30.8L_a1.2|:61
Q/IQ Shy.ed-80.31F2.31 Ca.02d-U.97F7, and RibLusF;o. The under-
lined ion represents the substituted site, for whigh ;o is
FIG. 14. Calculated visible quantum efficiengys ;o for differ- determined.
ent ratios of the Judd-Ofelt parametes/Qg and Q4/Qg. The (v) Mixed 'S, and host emission. A correction is neces-
values for the pure cascade emitters are also indicated. sary, because host emission cannot be prevented by prepara-
tional proceduresz,s 10 is in principle close tonlﬁgm and is

1.6

Tlvis,JO

1.4

1.2

*¥x+oJD>0oO

TisJo IS equal ton\*)i‘g'jo. As examples, see the emission spec-the value to be considered for practical applications. How-
tra shown in Fig. Aexcept for Prk). ever, 7090 should be taken to account for the characteristics

(i) Mixed lS0 and 5 emission with one optical center. of the PF* ion itself. As an example, the emission spectrum
The o levels are energetically just above thg I8vel and  of PrF; is shown in Fig. 2a), for details of the spectroscopy
these levels are thus thermally coupleg; ;o is close to  of Pri; see also Refs. 10 and 27-29.
n{ﬁgjo, because thedbemissions cannot be avoided at room  (vi) Mixed 'S, and impurity. This situation is similar to
temperature. From the Prdoped compounds investigated, case(iv). 7is o iS assumed to be equal n@;ggo.
none exhibits this type of emission. (vii)) Two optical centers, one exhibiting thermal cou-

(iii) Mixed lSO and 5l emission with one optical center. pling. Here a determination ajy;s ;0 iS not possible, because
The 180 and & are not thermally coupled. This rare caseit is not possible to clearly distinguish between the optical

means that there is a large Huang-Rhys parameter fordhe Senters.ag jo is betweenr;{%V’Jo and 77\*);35‘0. Some examples

TABLE IV. B('S,—lg): experimentally determined branching ratio of tH&— I4 transition; 7 5

= 2,8(1$O—>1I6): estimated visible quantum efficienc§y,/Qg, (4/Qg: ratios of the Judd-Ofelt parameters;

Mo calculated visible quantum efficiency.

No. Compound B(s— 1) s 0,04 04/ Q% T
1 YF; 0.789 1.578 0.015 0.066 1.59
2 NaYF, 0.710 1.420 0.024 0.099 1.43
3 Lak; 0.721 1.442 0.022 0.102 1.45
4 Nay dLay oFe 0.727 1.454 0.026 0.093 1.46
5 LuFs 0.790 1.580 0.014 0.066 1.59
6 KMgF; 0.625 1.250 0.170 0.120 1.29
7 BaMgF, 0.591 1.182 0.122 0.129 1.30
8 Pri 0.629 1.258 0.025 0.180 1.23
9 CayoYoFar 0.719 1.438 0.050 0.086 1.46
10 Nay Cap oY 1 1Fe 0.648 1.296 0.061 0.121 132
11 Cay 60 382 35 0.682 1.364 0.057 0.105 1.38
12 Nay 6Cab 5.3y 0.621 1.242 0.066 0.140 1.26
13 C.024-U 7F7 0.713 1.426 0.045 0.091 1.44
14 SrYF 0.607 1.214 0.044 0.164 1.22
15 Sk 6d30.3F .51 0.550 1.100 0.062 0.200 1.11
16 BaY 3F 1 0.827 1.654 0.019 0.047 1.67
17 BaycLaoFs 5 0.682 1.364 0.043 0.106 1.39
18 RbyYFq 0.729 1.458 0.028 0.089 1.47
19 RbLwF;o 0.665 1.330 0.028 0.123 1.34
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SIYF BaYsFyo, Rong™> 1.4 A. The highest quantum efficienci@d thus also

are the Pt-doped compounds
P b the highest values for the branching raj® for the 180

Bayslag sF»> 5, and RRYFg, which besides a puredSemis- 1 - .

sion also exhibit a thermally activated Bmission at room — s transition are obtained for 1.1ARy<1.3 A. For

temperaturesee discussion in the previous secfion smaller second cationg drops. o
Taking into account the above-described different types of Furthermore, we look at the quantum efficiencigg jo

emission transitions in the Prdoped compounds investi- 2 @ function of the effe3(;tive ligand distan&g. Reyr is
gated, we obtain they,s ;o values listed in Table I1l. defined afer=R;~0.6 AR whereR, is the ligand distance

It is interesting to note that a very good approximation for(data from Ref. 34and AR is the difference between the

high : : s Digh ionic radius of P¥* and the cation, which is substitute®,
. can be obtained by simpl esUmatmﬁ- = 7yi . . ) ff
"his 30 y SImply 530~ TNisB s takes into account the lattice relaxation. The result is

=2X B. In Table IV the experimentally determined branch-
B P y plotted in Fig. 16. All the compounds investigated have

high
Rer=2.1 A. The highest quantum efficienciémd thus also

ing ratios 3 for the 'S, — ' transition, 7 3 and 72, are

listed. This estimation holds, because almost all transition , : ;
the highest value for the branching rat®) for the 180
1, transition are obtained for 2.1 ARy t<2.5 A. For

from the ®P, and 3P, levels occur in the visible spectral
range. Thus the number of photons emitted around 400 nrrn ) -
(the 1S, 11, transition is nearly equal to the number of 'arger effective radiizys o (and) drops.

photons emitted in the visible rangfer pure radiative decay Alclj_mV(_astlgatecz) com$%und§ r\]"."tﬁ cefmscar(]:ielemlsspn ha\t/)e
from the 2P, and P, levels. Note that this equality also C00rdination numbers of 8 and higher for the lattice site sub-

gives a unique method for determining the quantum efﬁ_stituted by the PY ion with cascade emissiqsee Table II).
In summary, the compounds investigated and exhibiting

ciency of the®P,, level, because it is a self-calibratin . . .
methgdgo_gz 01 g cascade emission are characterized by a small radius of the

second cation, a large substituted lattice site, and a high co-
ordination number. These observations therefore support the
assumptions, which have already been stated in the
literature$°-*3The reason is that these characteristics lead to
As already stated in Sec. Il, there are some known charsmall crystal fields on the Pr site and finally to a small
acteristics required for a material to be host material for zsplitting of the P#*5d energy levels.
Pr** cascade emission. In this section we try to find the re-
lations between the obtained values for the quantum effi-
ciency of the cascade emission data and the characteristics of
the compound, as ionic radii of the substituted and surround- We have investigated the spectroscopic properties of a
ing ions as well as coordination numbers. However, it will bevariety of P#*-doped fluoride compounds under synchrotron
seen, that there are no strictly valid characteristics, so theadiation excitation in order to find new photon cascade
derived relations should be considered as general tendenciasnitters suitable as phosphors for Xe-discharge lamps. The
First, we look at the derived quantum efficienay;s ;o binary systems Y§ LuF;, and Lak exhibited pure cascade
as a function of the ionic radius of the second caiiBs,y).  emissions and showed only one emitting center. Also for
In Fig. 15, we plottedy,s ;o for the center exhibiting cascade NaYF,, NalLaF,, and BaMgl pure cascade emissions and
emission, and these centers are indicated in bold in the figuijeist one optical center were observed. In all of these com-
legend. ForRE3+F3, with RE=Y, Lu, La, Pr, we tookR,,q  pounds, there is only one suitable lattice site for th& Rm.
=Rge For all compounds exhibiting cascade emissigg,y The Ca  compounds investigated, (Q8g.1F5 1,
is smaller than 1.4 A. None of the cascade emitters hav®la, CayoY11Fs, CayeddgsdFoss NaysCaglas Fs, and

VII. ANALYSIS OF QUANTUM EFFICIENCY

VIlIl. SUMMARY
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Ca& god-U o747, showed both cascade emissions and broadbetween the quantum efficiency and the ionic radii of the
band %l emissions occurring from two different optical cen- second cation, the effective ionic radius of thé*Ron in the
ters. We tentatively assigned the cascade emissiortcoRr  compound, and the coordination number of thé*Ron in
the rare-earth lattice site and thd &mission to P¥" on the  the compound. These observations confirmed the results ob-
C&* lattice site. Also for the Sr, Ba, and Rb compounds twotained by our group and other groups based on a wide field
optical centers were observed, and fop grag 31> 31 and  of materials. The quantum efficiency includes the photons
RbLwF,o the situation is similar to that of the Ca com- emitted at 400 nm, which cannot be directly used for phos-
pounds, with two optical active centers. For the other comphor lamps due to the low sensitivity of the human eye at
pounds, SrYE, Ba,YsF,7 BagslagsF»s5 and RRYFg, ther-  this wavelength. Thus, the transfer partner ions fof Rave
mally activated 8 emissions were also observed. In the Sr,to be found to convert the energy of this 400-nm photon into
Ba, and Rb compounds an assignment of an emission type # photon at an energy more suitable for fluorescent lamps.
a PP*-substituted site is not absolutely clear. We tentativelyResearch in this direction is still in progress.
assigned the cascade emission t?* Rons on the raée—earth
site for the Sr compounds and to®*Pions on the B&" and
Rb" sites for the Ba and Rb compounds. In any case, the Pr ACKNOWLEDGMENTS
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