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The possibility to use Mfi" co-doping to modify the emission properties of Pibased quantum
cutting phosphors—i.e., phosphors that emit one UV and one visible photon for each absorbed
vacuum UV (VUV) photon—into phosphors that emit two visible photons, was studied
experimentally. In this respect a luminescence excitation study, using synchrotron radiation,
between 500 and 50 nm of Pr and Mrf* impurities in SrAlR, CaAlFR;, and NaMgk was
performed. Excitation of BF into the 4f5d excited states results in emission of UV photons from
the 'S, state followed by visible photons from tH®, state with an internal quantum efficiency
exceeding 100%. It was found that a favorable overlap betweelSre 14 PP+ emission and the
®A;—*Ey, “A1yMn?" absorption exists that should promote energy transfer froth fr Mn®*.
However no such energy transfer could be observed in SrANE higher excitation energies>7

eV) intense structured M excitation bands are found that are assigned t5-33d%4s
transitions, MA" related charge transfer transitions, and’Mibound excitons. These bands have

an unfavorable overlap with the Pr4f5d states, preventing efficient selective® Prexcitation,
prerequisite for the quantum cutting process. 2804 American Institute of Physics.

[DOI: 10.1063/1.1751628

I. INTRODUCTION visible light. The Mrf* ion has been recognized as such a
suitable co-activator ion because it has many absorption tran-
Phosphors for lamps and displays have been optimizeditions within the 31° configuration(see right part of Fig. }1
the past decades to reach efficiency values approachingely to coincide with the P¥* emission and because Rih
100% that cannot be improved significantly. Still it is known js known for its efficient and saturated emission with colors
for some time that certain Pt doped phosphors can have ranging from green to red.

internal quantum efficiencie&hat is not taking the absorp- A future quantum cutting phosphor based on the
tion efficiency into accountclose to 2009%:> A quantum  ppB+_mMmn2+ pair can only be successful when the*Pr
efficiency larger than 100% for Pf luminescence is pos- . Mn2* transfer is efficient and when Pr can be excited
sible because Pt has the unique property to emit two pho- selectively in the VUV by the emission of a Xe gas discharge
tons (one UV and one visible photorfor each absorbed as in the application. The focus in this work will therefore be
vacuum UV (VUV) photon. This “quantum cuttingTQC)  on the spectral overlap betweé the *S,— 15 emission of
type of luminescence can be observed wheti Bs doped in -~ PR3+ and the 31°— 3d° absorption of MA* and (ii) the
certain host lattices in which thef8d configuration of P pR* 4f5d states and possible higher energy excited state of
is isolated, at higher energy, from the highest energy stat®in?* in the VUV spectral range.
(1Sy) of the opposite parity # configuration. The hosts NaMgg, SrAlFR; and CaAlk were chosen for

By now, more than a dozen of such®Prbased QC- doping with Mf* and Pf* for two reasons. First, the QC
phosphors have been identified and studied in detail butmission was recently demonstratééh NaMgFr;:Pr* and
found useless for application becaugethe first step in the  SrAlFg:Pr** and secondly it was expected that ¥nand
QC processfrom the 'S, leve)) is located in the UV, not Pr* could be introduced as charge compensating pairs in
useful for lighting and display applications arid) transi-  SrAlFs and CaAlls (Mn?" replacing AP™ and P?* replac-
tions to the lower energy 4 states are not followed by the ing C&* or SP*) promoting efficient energy transfer.
emission of a second photdgeee left part of Fig. 1 These This paper is organized as follows: First the emission
problems can however be solved simultaneously when a suitnd excitation properties of Mi will be described in the
able co-activator ion is found to which tH&,— I transi-  fluoride hosts focussing on the type of Rinsites and the
tion energy can be transferred resonantly and that can emitature of the higher energy excited states ofMnNext the
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FIG. 1. Part of the energy level scheme of Pxleft) and Mr?™ (right) in

NaMgF;. The anticipated transitions involved in the quantum cutting pro- Wavelength [nm]
cess of Pt" (solid and dashed arrowsind in a possible energy transfer
process from P to M?" (solid arrows are indicated. FIG. 2. Emission spectra of STAJEMn?* (dashedl CaAlFR;:Mn?* (solid

lines), and NaMghk:Mn2* (dotted lineg, recorded at 12 K, at valence band
to conduction band excitation around 110 nm.

Pr* excitation and QC emission will be described. Finally

Fhe focus will be on the spectral overlap between the twostrycture with Mgk-octahedra(dyg_r) = 197.8 pm) and 12-
lons. fold coordinated Na-ions ((dya_p =274.1 pm)?

Il. EXPERIMENTAL PROCEDURES IIl. EXPERIMENTAL RESULTS AND DISCUSSION

Spectroscopic techniques and preparations: The emissigh Mn®* doped SrAIF 5, CaAlFs, and NaMgF ;
and excitation spectra in Figs. 3, 5, and 7 were recorded with - o )
a commercial spectrophotometer from Photon Technology- M1™" émission properties
International(Quanta-Master model QM)Xomprising a 75 Emission spectra of SIAEMn?*, CaAlFs:Mn?*, and
W ozone free Xe lamp connected to a double monochroNaMgF;:Mn?* recorded at 12 K excited at band-to-band
mater on the excitation side and a PMT connected to the ex#xcitation around 110 nm are shown in Fig. 2. Emission
slit of a single monochromater on the emission side. Thévands corresponding to tHd;—°®A; transition within the
spectral resolution was fixed at 1 nm. Its characteristics wer8d® configuration of MA* are centered around 527, 518,
described elsewhereOther spectra were recorded at the and 608 nm for SrAIE, CaAlF;, and NaMgk respectively.
Deutsche Electronen-Synchrotrd@ESY) in Hamburg(Ger-  Considering charge neutrality and ion size in NaMgk is
many) using the SUPERLUMI station of HASYLAB. The likely that divalent Mn ions R~97 pm; all radii taken from
spectral region of excitation was 50—335 nm with a fixedRef. 10 replace divalent Mg ionsR~86 pm) instead of the
resolution of 0.3 nm. Details of this excitation facility were monovalent and considerable larger Na iofs~(153 pm).
described elsewhefe. Indeed the center emission wavelength of 608 nm is close to

CaAlF;:0.3% PP and SrAlR:0.3% PF* were pre- that found for Mi™ in ZnF, (A gn= 595 nm) 1 for which the
pared by solid state reaction starting from the binary fluo-only possible sites for M ions are the octahedrally coor-
rides under a HF flow at 800 °C. Details of the synthesisdinated ZR* ions with (dz,_p) =203.4 pm which is almost
process can be found in Ref. 7. #nas well as MA™, PP identical to (dyg_g)=198.2pm of the Mgk-octahedra in
doped samples were prepared using the same technique. TReMgF;.
obtained polycrystalline material was checked to be a single The higher energy emission of Mh in SrAlFs and
phase product by x-ray powder diffraction using a PhilipsCaAlF;, located more to the green part of the visible spec-
X'Pert diffractometer in Bragg-Brentano geometry. trum, points to a lower crystal field strength site for #n
NaMgF;:Pr** crystals were obtained using the melting zoneions. It is therefore unlikely that Mri ions occupy the Al
technique. Details of the synthesis process can be found isites that have on average 10% smaller Adletahedra
Ref. 4. ({(dp_py=~180pm) compared to the Mgfoctahedra in

A crystal structure refinement study of SrAlBhowed NaMgF;. Mn?" ions therefore must reside on the larger
the presence of six different Al-sites all with irregular oc- C& " (R~120 pm) and S (R~150 pm) sites. It can thus
tahedral fluorine coordinatio{@a_g) ranging from 178.6 to  be concluded that Pf and Mrf* will not be incorporated as
184.7 pm. The four different S¥" sites found in the struc- charge compensating pairs in SrAlBr CaAlR;. Note that
ture have coordination numbers ranging from 10 to 12the emission of Mf" in SrAlFs is relatively broad which
({(dg,_p ranging from 266.1 to 285.2 pM CaAlR; has a  may be related to the many different sites available foMn
more regular structure with Alj~octahedra (dp_g) in the crystal structure.
=180.9pm) and Ca pentagonal bipyramideéd{_p The broader emission bands peaking at 350 nm in case
=238.1pm, CN=7).2 NaMgF; has a distorted perovskite of CaAlF; and NaMgk and 400 nm in case of SrAlFs
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FIG. 4. Luminescence excitation spectsalid curve$ between 250 and 55
FIG. 3. Luminescence excitation spectra between 600 and 250 nm aofim of SrAlR;:Mn?* (A), CaAlR;:Mn?* (B), and NaMgk:Mn?* (C), re-
SrAIFs:Mn2* (A), CaAlR;:Mn2* (B), and NaMgk:Mn2* (C), recorded at  corded at 12 K monitoring théngﬂeAlg Mn?* emission at 527, 518, and
293 K monitoring thef‘T2g—>5Alg Mn?* emission at 527, 518, and 608 nm, 608 nm, respectively. Vertical lines {B) are atomic 8*4s states of MA™.
respectively. The vertical lines in C represent the excitation band energies d@3ashed curves are obtained when monitoring STE emission.
observed in ZnF:Mn?". Vertical lines in(A) and (B) represent the same
transitions observed in this work.

higher energy excitation spectra of SrAlMn?*,

CaAlF;:Mn?*, and NaMgk:Mn?" [see Figs. @A)—-4(C)],

recorded at 12 K between 250 and 55 fsolid lines. Fig-

ure 4 also contains close-ups of the same spdatsa solid

curves and the excitation spectra monitoring the UV exci-

ot o ) tonic emissiondashed curvesAlthough not all features of

2. Mn®" excitation properties these excitation spectra can be accounted for in detail, we
Luminescence excitation spectra between 600 and 25Believe that they are the combined results of several excita-

nm of SrAlIR;:Mn?", CaAlR:Mn?*, and NaMgk:Mn?"  tion processesi) charge transfe(CT) transitions involving

recorded at 293 K, monitoring tH&d; —5A; Mn?>" emission 0? or OH  impurities, (ii) interconfigurational @°

at 527, 518, and 608 nm, respectively, are plotted in Fig. 3—3d“4s transitions in MR" ions, (iii) charge transfer tran-

In the case of NaMgf[Fig. 3(c)] band assignment is iden- sitions involving F and Mrf ™, (iv) valence band to conduc-

tical to that published for Mii doped Znk (Ref. 11 thatis  tion band transitions(v) exciton and MA* bound exciton

indicated in the figure. The close resemblance between thi@rmation.

typical for fluorides and is of excitonic nature. This assign-
ment is supported by the observad-decay times of these
emission bands.

excitation spectra of M1 in ZnF, and NaMghk can be Note that 31°—3d® transitions(shown in Fig. 3 above
understood in terms of the almost identical fluorine coordi-250 nm could not be observed using synchrotron radiation
nation as described in the experimental section. because of the three orders of magnitude lower photon flux

The spectra of SrAlEand CaAlF [see Figs. 8A) and on the sample compared to Xe lamp excitation.
3(B)] are much less pronounced compared to that of Weak broad features can be observed above 170 nm. CT
NaMgF;. This is related to the much weaker Rinemission transitions involving oxygen impurities resulting in weak
intensity in these hosts. The excitation spectra also diffebroad excitation bands are not unusual in fluorides since in-
from that of NaMgFk in that the M excited states are corporation of 3 or OH™ at a 10 %—10 © level is almost
found at higher energy and span a smaller energy intervalnavoidable. Even when HF or SFiring atmospheres are
According to the Tanabe—Sugano diagram, that describes thesed during synthest€.Since no other excitation processes
relation between the Mri 3d°® energy levels and the crystal are expected in this energy region, these features most likely
field strength, this is what is expected when¥mreplaces originate from oxygen impurities.
the larger St* and C&" sites. The distinct excitation bands at 159.3, 150.5, and 140.1

When the excitation energy is increased into the VUV, anm, as observed in CaAHFig. 4B)], may be assigned to
lesser-explored spectral region is entered and band assigtmansitions to the first higher energy configuration of
ment becomes less straightforward. Figure 4 shows th#In?*:3d°—3d*4s. To the best of our knowledge only a
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few studies report on the higher energy excited states of 3
Mn?". The most detailed one reports on two excitation
bands in Caf:Mn?* at 157 and 144 nm that were assigned
to 3d°— 3d*4s transition*®* The main argument in that study
was that excitation bands have energies closely matching the
energy of two groups of atomicd34s levels with term$£D
and*D. The atomic 8*4s levels of Mrf™ are shown for
clarity as vertical lines in Fig. @). Indeed, like in
CaF,:Mn?*, the energy match between the atomid*8s
levels and the measured bands in CaAl$ striking. How-
ever, in CaAllg a third band is observed that can not be
accounted for. It has to be noted that the atonsefergies
may be lowered due to the interaction with the crystal field
which makes the exact energy match less meaningful. It must

Nommalized intensity [arb. units]
LG =
%‘ %" '
<)
g

also be noted that the significant intensity of the three exci- F3

tation bands is unexpected considering the parity forbidden ;- -f
nature of ad— s transition. The lowest energy parity allowed e f
atomic 3°— 3d*4p transition is found at 90 nrfi13.8 eV. 1 ;— S
Although p states will be lowered more in energy than

states, due to the effect of crystal field splitting, it is not

expected that the corresponding energy drop is as large as 5

Q0
eV. The three bands in CaAJFare therefore, like in 8 3 g 888
CaR:Mn?", tentatively assigned to d®—3d*4s transi- Wavelength [nm]
tions.

. FIG. 5. Emission spectra of SIAJFPP* (A1,A2), CaAlR;:PP* (B1,B2
The bands in NaMgk between 125 and 190 nm are and NaMghk:Pr" (C1,C2 recorded at 293 K, excited into the lowest en-

assigned to ligand to metal charge transfer transitions besgy 4r5d state of P+ (A1,B1,CD and into the 42[%P,] state of PF
cause of the high intensity and broad band nature. Similag2,82,C2.

Mn?" related CT bands, involving the oxygemp 3tates that

make up the valence band, are regularly observed in oxides.

Due to the more ionic nature of fluorides compared to OX-energy 45d state of Pt*, displayed in Fig. 5, are typical

ides, CT bands in fluorides are observed at higher energy,. p3+ pased quantum cutting phosphésse, for example
than in oxides. Similar broad band emission is not observegats 1_4 and 15-18 Similar emission sp;ectra were ré—

in SrAlFs aTd CaAlls. Apparently CT absorption does not qteq earlier for SrAIE and NaMgk.>* The emission is
lead to Mrf* emission in these hosts. _ dominated by transitions from thef%*S,] state of P¥* to

When the STE emissiofas presented in Fig)2s moni- 4 Y, 'D,, 1G,, and®F, (see left part of Fig. 1 The
tored, excitation bands are observed peaking at 110, 109, and__.1| _ (ransition is followed by(after the necessaryl
108 nm for NaMgk, CaAlfs, and SrAlfs, respectively —3Sp rejaxation emission from théP, state to the’H,,
(dashed spectyaThe valence bantV/B) to conduction band 3H,, and °H, states. The intensity ratio between thg,
(CB) transition are observeolid lines at higher energies 1], emission and the integraté®, emission is equal to
and are estimated at 100, 101, and 101 nm for NaMgF {he internal quantum efficiency of théP, emission. For
CaAlFs, and SrAlfs, respectively. The intense excitation SrAIFs, CaAlR;, and NaMgk quantum efficiencies are
bands observed in SrAdFand CaAlf centered around 117 ¢q,nq to be approximately 5%, 5%, and 10%, respectively.
and 114 nm, respectively, are observed at too high energy fQf/hen the®p, state is excited directly, with an intense xenon
belpg CT bands that were discussed e'arller: Impurity bounqﬂamp, more details of th&P, emission can be observed. The
excitons are usually observed at energies slightly lower thagnission spectra and the line assignment of the vaieys
exciton bands in the same host. It seems therefor consiste(gndlDz) emission transitions are plotted as insets in Fig. 5.
to assign these bands to Kfn bound excitons. A similar The excitation spectra of SrAEPP* (dashed

excitation band is much less intense in NaMdBr which CaAlF;: PR+ (solid), and NaMgh: PR+ (dotted, recorded
we have no explanation. Although the higher energy excited; »>g3 monitorin'g the'S,— 11 emission Iir;e of B

states of impurity ions in insulators have been studied with,.o,nd 400 nm are shown in Fig. 6. It features the parity
synchrotron radiation for more than 35 years, starting with,|;o\ved 4?[3H,]—4f5d transitions on the Bf ion. The

the pioneering work of Yeet al,* the exact nature of all the high energy of the #5d states and the efficient pumping of

excited states of M1 impurities(or transition metal ions in the 'S, state, as well as the relation between ti&d ener-

general have not yet been resolved. gies and the crystalline environment has been discussed in

detail in the literaturé!*® Here we merely point out that the

2t relatively low energy of the #5d states in CaAlE compared

B. Pr=" doped SrAIF 5, CaAlF5, and NaMgF to that of SrAlR; and NaMgF is the result of the consider-
Emission spectra of SrAIFPP*, CaAlR;:Pr*", and able smaller average Ca—F distari288 pm in the Ca co-

NaMgF;:PP" recorded at 293 K, excited into the lowest ordinating fluorine bi-pyramid. Na and Sf* ions in
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FIG. 6. Luminescence excitation spectra of Sr&lFP* (dashed

CaAlF;:PP* (solid lines, and NaMghk:Pr** (dotted line$, recorded at
293 K, monitoring the'Sy— 'l 5 emission line of P¥" around 400 nm.

NaMgF; and SrAll; are coordinated by at least 10 fluorine
ions at average distances larger than 266 pm.

C. Spectral overlap

van der Kolk et al. 7871

partial spectral overlap exists between t#8g— 1l 5 emission
and the MA" 8A;—*A,, 2E absorption bands in al three
fluoride hosts. Energy transfer should therefor in principle be
possible. However such energy transfer could not be ob-
served in a double doped SrAlBample. Selective Pt ex-
citation into the 45d bands did not result in any detectable
Mn2* emission. It must however be noted that the?N¥in
emission intensity in singly doped SrAJAMn?* was con-
siderable less intense compared to th&" Remission. Partial
energy transfer resulting in weak Kh emission may have
been left undetected below the many intens€ Hines over-
lapping the broad Mf™ emission. Doubly doped CaAJF
and NaMgk were not synthesized.

In a practical quantum cutting phosphor based on the
PP —Mn?* pair, the P¥" ion and not the MA" should
absorb the emission from the Xe dischatlgeated between
149 and 173 nmof the eventual application. By comparing
Fig. 4 and Fig. 6, it becomes evident that Mrions will be
involved in the absorption just as well as®Prions since
most of the intensity of the Pr 4f5d states are located at
wavelengths longer than 173 nm. Even whedPsMn?*
transfer would be 100% efficient a visible quantum effi-

~ Finally the question of spectral overlap, that was raisectiency considerable larger than 100% is not expected. Direct
in the introduction, is discussed. Figure 7 explicitly showsyin2+ excitation lowers quantum efficiency through a nor-

the spectral overlap between the Premission(solid lineg
and Mrt* absorption(dashed lines As discussed in the in-
troduction it is desired that the energy of tH&— 1l 5 emis-
sion of PP is resonantly transferred to Mh. Such transfer

can only be efficient when there is sufficient spectral overla|
between emission and absorption. From Fig. 7 it follows tha

3.0

Normalized intensity [arb. units]

Wavelength [nm]

FIG. 7. Emission spectra of Pr (dashed linesand the excitation spectra
(solid lineg of Mn?" in SrAlFs (A), CaAlR; (B), and NaMgk (C), demon-
strating the spectral overlap between the’MAA, . —*A,, , *E, absorption
and the Pt 1S,— 114 emission.

mal one photon emission process of ¥Mnions.

V. CONCLUSION

The luminescence excitation and emission properties of
Mn?* and PP doped in SrAlE, CaAlR;, and NaMghk
were studied at room and liquid helium temperatures be-
tween 50 and 800 nm. Pt shows the by now well-
documented quantum cutting type of luminescencé.” Pr
ions were found to replace the larger cations of these hosts
(SP*, c&*, and N&). Mn?* ions were also found to re-
side on the $t" and C&" sites in SrAlk and CaAlk; re-
spectively. In NaMgg, Mn?" ions were found to replace
Mg?" ions. The MA™ doped samples have weak green to
red emission that can be excited through intense bands lo-
cated in the vacuum UV spectral region. Besides band-to-
band excitation and the formation of STE’s, Rnemission
could be excited through ligand to Mih charge transfer
transitions, 8°— 3d“4s transitions and Mfi" bound exci-
ton formation. These bands make selectivé"Pexcitation,
prerequisite for the QC process, by the Xe discharge of the
eventual application, inefficient. The Mh%A;—%A;, °E
absorption was found to coincide with the3PtS,—1i,
emission. This should promote energy transfer frofhRo
Mn?* but no transfer could be observed in SrAIF
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