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Visible quantum cutting under excitations at 212 and 172 nm in a green-emitting phosphor
K,GdF5:Tb** (11%) via a downconversion mechanism is investigated. The authors measured the
vacuum ultraviolet (VUV) excitation and emission spectra and proposed mechanisms to rationalize
the quantum-cutting effect. One short-UV or one VUV photon absorbed by Tb** is split into
multiple visible photons emitted by Tb** through cross relaxation and direct energy transfer.
Calculations indicate an optimal quantum efficiency as great as 189% for this phosphor. © 2006
American Institute of Physics. [DOI: 10.1063/1.2358193]

As the energy of a vacuum ultraviolet (VUV) photon
(A<<200 nm) is more than twice that of a visible photon,
there is enough energy for emission of two visible photons
for each VUV photon absorbed, a phenomenon called quan-
tum cutting (QC). Intensive research activity has focused on
QC by rare-earth-doped phosphors in the VUV region,l_10
mainly because VUV-excited phosphors are indispensable
for applications of plasma display panels and mercury-free
lighting. Fluoride materials doped with trivalent rare-earth
ions provide an excellent opportunity to develop materials
suitable for applications with VUV radiation as an excitation
source. In particular, the systems nMF-mGdF; [M =Li,*®
Na,” K,*'° and Cs (Ref. 6)] were actively investigated as
effective host matrices to realize QC phosphors, whereas
systems xAF,—-yGdF; (A being a group-II element) were
little investigated. The design of QC phosphors requires ap-
propriate combinations of R}*—R3" or RI*—Ry*—Ry* (R,
=Gd, R,=Eu and Tb, and R;=Er) as activator ion-pairs or
couples and relevant VUV spectral data. Quantum cutting via
downconversion has been widely witnessed for many rare-
earth-based phosphors;HO the greatest quantum efficiency
(QE) in the visible spectral region was observed for
LiGdF,:Eu (190%) (Ref. 3) and BaF,:Gd,Eu (194%) (Ref.
4) phosphors.

Motivated by the few reported QC phosphors containing
solely Pr3* (Refs. 1 and 2) or couples Gd**—Eu®*>*
Gd**-Er**)” and Gd**-Tb3*—Er** (Ref. 6) and seeking po-
tential phosphors showing a QC effect, we have investigated
KF—-GdF; systems doped with rare-earth ions Eu**, Tb**,
and Er** as activators. Here we report the QC phenomenon
of a green-emitting phosphor K,(Gd,;_, Tb,)Fs [x=1%, 3%,
5%, 9%, and 11%, abbreviated K,GdFs5:Tb** (x%)] that
crystallizes in a structure of K,LnF;5 type according to Giide
and Hebecker;!! therein Gd** (or Ln®*) is coordinated with
seven fluoride anions. Our results show that the optimal
quantum efficiencies (7) of K,GdFs:Tb?* in the visible re-
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gion are 189% and 187% under excitations at 212 and
172 nm, respectively.

Polycrystalline samples of K,GdFs5:Tb*" (x%) (x=1%,
3%, 5%, 9%, and 11%) doped with specified levels of Tb3*
were synthesized on firing stoichiometric reactants at 600 °C
for 8 h in a sealed tube. The phase purity of all
K,GdFs: Tb** samples was verified using powder x-ray dif-
fraction (XRD) analysis (Bruker AXS D8 advanced auto-
matic diffractometer). For spectral measurements of steady-
state emission and excitation with a synchrotron source, the
intense and continuous VUV beam was dispersed from a
beam line with a cylindrical grating monochromator coupled
to the 1.5 GeV storage ring at the National Synchrotron Ra-
diation Research Center in Taiwan; this beam line has four
gratings and a focal length of 6 m. We used a grating
(450 grooves/mm) that spans the wavelength range of
100—-350 nm. The emission from the phosphor was analyzed
with a monochromator (0.32 m) and detected with a photo-
multiplier in a photon-counting mode. Time-resolved mea-
surements were performed with a tunable nanosecond
optical-parametric-oscillator/Q-switch-pumped neodymium
doped yttrium aluminum garnet laser system (NT341/1/UV,
Ekspla). Emission transients were collected with a mono-
chromator (SpectraPro-300i, ARC), detected with a photo-
multiplier tube (R928HA, Hamamatsu) connected to a digital
oscilloscope (LT372, LeCroy), and transferred to a computer
for kinetic analysis.

The experimental XRD profile for K,GdFs:Tb** (5%)
agrees satisfactorily with that calculated with the software
CRYSTALLOGRAPHICA (Ref. 13) (supporting data in Fig. A);
both are consistent with that reported by Giide and
Hebecker.'" Shown in Fig. 1 is the VUV excitation spectrum
for K,GdF5:Tb** (5%) monitored at 542 and 415 nm, re-
spectively; the strong, broad excitation lines centered at 212
and 172 nm are assigned as spin-allowed transitions from
state ' F, to low-spin (LS) states 4/75d of Tb>*.*!* The broad
absorption of Tb** at 212 nm in the excitation spectrum also
supports the origin of absorption being attributed to a transi-
tion 4f—4f5d (LS).*" The much weaker emission line at

© 2006 American Institute of Physics
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FIG. 1. Excitation spectra of K,GdFs:Tb** (5%) monitored at (a) Ay
=542 nm (°D,—"F5 of Tb*) and (b) A\p,=415 nm (°D;—"F5 of Tb*).
The spectra are scaled to the %S, — °I, excitation intensity ().

274 nm is assigned as excitations from the ground state %S,
to state °I, of Gd**.

Using the emission feature attributed to transition *Dj
—>7F5 as a reference, we normalized the emission spectra,
shown in Figs. 2(a)-2(c), of K,GdF5:Tb** (5%) under three
excitation conditions of 274, 212, and 172 nm, respectively.
To rationalize the observations of visible QC and energy
transfer revealed in Figs. 2(b) and 2(c), we depict in Fig. 3
simplified diagrams of energy of K,GdFs:Tb** that explain
visible QC with a two-step energy transfer. Several possible
pathways involved in the QC downconversion include exci-
tation, relaxation, energy transfer, and nonradiative relax-
ation, depending on the excitation wavelength.

As Fig. 2(a) indicates, beyond the emission at 315 nm
that is attributed to 6P7,2—> 857,2 of Gd**, we observed mul-
tiple emissions appearing in spectral region of 350—650 nm
that we attribute to transitions from levels D5 and °D, of
Tb?*, respectively, when K,GdFs: Tb>* is excited at 274 nm.
This observation is further rationalized through Gd** being
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FIG. 2. Emission spectra of K,GdFs:Tb** (5%) excited at \.,=(a) 274, (b)

212, and (c) 172 nm. The spectra are scaled to the SD;-—'F; excitation
intensity ().
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FIG. 3. (Color online) Schematic energy levels of K,GdFs:Tb** showing
possible mechanisms for visible QC under excitation of VUV with A,
=(a) 274, (b) 212, and (¢) 172 nm; ® and @ denote cross relaxation and
direct energy transfer, respectively.

excited to level °I; and relaxing readily to state °P,,, nonra-
diatively when direct energy transfer from 6P7 s, to the neigh-
boring Tb** ion or radiative relaxation of Gd** from °P,, to
8S7,2 occurs [cf. Fig. 3(a)]. The intensity of emissions from
level 5D3 of Tb** is comparable with those observed on ex-
citations at 212 and 172 nm, whereas that from level °D,
under excitation at 274 nm is much weaker. These observa-
tions are consistent with the diagram of energy levels in Fig.
3(a). We conclude that no visible QC occurs when UV radia-
tion at 274 nm serves to excite K,GdF5: Tb*.

As indicated in Figs. 2(b) and 3(b), when K,GdFs: Tb**
(5%) is excited at 212 nm, Tb** becomes pumped to level
4f75d, and subsequently relaxes from that high-lying energy
level to an intermediate state 5D2; the released energy is
transferred to a neighboring Tb** by cross relaxation (step 1),
which then serves to excite Tb** to level *D, resulting in the
observed green luminescence. In addition, in the relaxation
that takes Tb** from state 4f75d to levels *D; and °D,, the
released energy is transferred directly to the neighboring
Gd** (step 2), which is responsible for UV luminescence of
Gd** observed at 315 nm [cf. Figs. 2(b) and 2(c)]. The pho-
toluminescence (PL) intensity of Tb** °D,— "F, transitions
dominates over that of 5D3H7F 7» which we attribute to a
much greater probability of transitions of the former, as in-
dicated in Figs. 3(b) and 3(c). As revealed in Fig. 2(c), with
excitation at 172 nm, similar but much stronger [relative to
Fig. 2(a)] emission of K,GdF5: Tb** (5%) was observed. The
mechanism to rationalize the observed visible QC in Fig.
2(c) includes excitation, cross relaxation, and direct energy
transfer, similar to our discussion of that observed in
K,GdFs: Tb** (5%) excited at 212 nm.

For measurements of time-resolved emission, we used
two laser excitation wavelengths—NA\, =274 and 215 nm—to
pump Gd** and Tb*, respectively; the corresponding decays
appear in Fig. 4. With excitation at A,,=274 nm, the emis-
sion decays [Figs. 4(a) and 4(b)] feature three components; a
dominant rapid component decays on a nanosecond scale

(see supporting information) and two slow components fitted
71 ™

with a consecutive kinetic model, A—B—C; 7;,=0.7 ms and
7=3.9 and 7.2 ms at \.,=415 nm [Fig. 4(a)] and 542 nm
[Fig. 4(b)], respectively. With excitation at A,=215 nm, the
transient behavior differs—the rapid component is negli-
gible, as observed at \.,=415 nm [Fig. 4(c)] and 542 nm
[Fig. 4(d)]. Furthermore, the slow component becomes a
dominant part of the transient observed at \.,,=542 nm, con-
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FIG. 4. (Color online) Emissive decays of K,GdFs:Tb>" (5%) at (a) Ney
=274 nm and \.,=415 nm, (b) A,=274 nm and \,,=542 nm, (c) Ay
=215 nm and A,,=415 nm, and (d) \=215 nm and A,,=542 nm. The
transients were fitted according to a consecutive kinetic model. The black
solid curves are theoretical fits; blue and olive curves under each transient
are deconvoluted components corresponding to A and B, respectively.

sistent with a cross-relaxation mechanism (step @) shown in
Fig. 3(b). Control experiments (cf. supporting data in Fig. B)
indicate that energy relaxation in a pure K,GdFs phosphor
occurs on nanosecond and microsecond scales, supporting
that the millisecond components shown in transients of Fig.
4 are due to direct energy transfer (step @) and cross relax-
ation (step @) with excitations at 274 and 215 nm,
respectively.

For a practical calculation of extra quantum efficiency
(7), some essential premises are proposed: the VUV absorp-
tion of phosphors should not be taken into account, and pos-
sible nonradiative losses due to energy migration at defects
and impurities in samples must be ignored. For overall cal-
culations of 7 involved in the QC processes, in addition to
7ot (i.e., 100%), we have calculated an extra 7 correspond-
ing to cross relaxation (7cg) from Tb?* to a neighboring
Tb** through QC with this equation proposed by Wegh et
al.,** later modified by Tzeng et al.’

R(CD,Jrest) s — RCD,/rest) g+
R(CD,Jrest) gy + 1

Pcr _
Pcr+ Ppr

Here Py represents the probability for cross relaxation and
Ppr is the probability for direct energy transfer. R(5D4/ rest)
is the ratio of PL intensity of *D, to that attributed to *D; of
Tb** and °P,,, of Gd*; the subscript indicates excitation
from Tb** or Gd**. With 7py of a phosphor assumed to be
100%, the extra » for energy transfer via cross relaxation is
89% and 87% for excitations at 212 and 172 nm, respec-
tively. Under these two excitations, that at 172 nm does not
yield a greater QE, perhaps indicating a significant fraction
of excitation energy being lost nonradiatively during QC,
thus resulting in a decreased 7 for K,GdFs: Tb3*.

We investigated also the dependence of the calculated
7cg  on the concentration of Tb3* doped into
K,GdFs5:Tb**(x%) under VUV excitations at 172 and
212 nm; the results are summarized in Table 1. The general
trend indicates that the calculated ncg  for
K,GdF5: Tb**(x %) phosphors increases monotonically from
70% for a sample with x=1% to 87% for sample with x
=11% under excitation at 172 nm. In contrast, the calculated
ner for K,GdFs: Tb**(x%) phosphors increases from 75%
for a sample with x=1% to 89% for a sample with x=11%
under excitation at 212 nm.

In summary, we have discovered a green-emitting QC
phosphor K,GdF5: Tb** for which the visible quantum effi-
ciency achieves 189% and 187% for VUV excitations at 212
and 172 nm, respectively. Upon excitation of Tb** with an
energetic photon, two photons in the visible range are gen-
erated through a two-step process—cross relaxation and di-
rect energy transfer—from one Tb** to a neighboring Tb** or
Gd** with a quantum efficiency that exceeds 100%; for UV
excitation at 274 nm no such QC effect was observed.

National Science Council of Taiwan supported this
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