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Visible quantum cutting has been observed in GdPO4:Tb3+ upon Tb3+ 4f8–4f75d1 excitation and host

excitation, and in Sr3Gd(PO4)3:Tb3+ upon Tb3+ 4f8–4f75d1 excitation. In the quantum cutting process,

Tb3+ acts as a quantum cutter, which converts one short wavelength ultraviolet photon or one vacuum

ultraviolet photon into more than one visible photon. The quantum cutting involves a cross-relaxation

process between two neighboring Tb3+ and direct energy transfer between Tb3+ and Tb3+ or Tb3+ and

Gd3+, depending on the excitation wavelength. The quantum efficiency variation of GdPO4:xTb3+ and

Sr3Gd(PO4)3:xTb3+ shows a growing trend with increasing of Tb3+ content from x ¼ 1.5% to 13%.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

Quantum cutting of rare-earth doped phosphors in the vacuum
ultraviolet (VUV) region has gained increasing attention recently
as a method for enhancing the conversion efficiency of phosphors
used in Hg-free fluorescent lamps and color plasma display
panels, in which VUV radiation from noble gas discharge is used as
the excitation source. Quantum cutting is a phenomenon that
occurs in materials that emit more than one photon per photon
absorbed [1]. It is possible in theory, because a VUV photon has
more than twice the energy of a visible photon. Quantum cutting
can be realized via two different mechanisms [2]: photon cascade
emission and cross relaxation energy transfer (CRET); the process
involved in CRET is also known as downconversion [3,4]. Photon
cascade emission was generated by using emission from Pr3+ and
Gd3+ in phosphors [5–10]. In these phosphors, however, the first
photon for Pr3+ has a wavelength of 406 nm [5–8] and the second
photon for Gd3+ has a wavelength of 311 nm [9,10]; these
emissions are too short for lighting and display application.
Quantum cutting via CRET has been mainly investigated in
fluoride [1,3,4,11–17] using appropriate combinations of
R3þ

1 2R3þ
2 and R3þ

1 2R3þ
2 2R3þ

3 (R1 ¼ Gd, R2 ¼ Eu and Tb and
R3 ¼ Er). In particular, a quantum cutting efficiency closed to
200% has been achieved in LiGdF4:Eu3+ [1] and BaF2:Gd3+, Eu3+

[16]. Although fluorides with wide band gap are still the best
candidates for investigating quantum cutting, they are very
sensitive to oxygen surface contamination, which may influence
ll rights reserved.

ama).
their luminescence properties and limit their application. Com-
pared with fluorides, oxide phosphors are more chemically stable
and easier to prepare. If the band gap of an oxide is large enough,
the 4f5d or 4f state of rare earth ions will be located within the
host band gap, making it possible to realize quantum cutting in
such an oxide.

GdPO4 and Sr3Gd(PO4)3 have been reported to have a host
related absorption with maximum around 155 [18–22] and
170 nm [23], respectively. This satisfies the requirement for a QC
phosphor to be transparent in the VUV region. Several studies
have discussed the energy transfer between Gd3+ and Tb3+ in
GdPO4 [21,22], and concluded that Gd3+ transferred the excitation
energy from its 6PJ level to a neighboring Tb3+. However, there is
little consideration regarding the quantum cutting between
Tb3+–Tb3+ in GdPO4 or Sr3Gd(PO4)3. In a sense, quantum cutting
can be considered to be a new concept for explaining the energy
transfer process. In this study, GdPO4:Tb3+ and Sr3Gd(PO4)3:Tb3+

are investigated based on the quantum cutting model proposed
for K2GdF5:Tb3+ [3] and BaGdF5:Tb3+ [4] in an effort to verify the
possibility of quantum cutting in oxides and to explain the energy
transfer mechanism in them.
2. Experimental

GdPO4:xTb3+ (1.5%, 3%, 5%, 7%, 9%, 11% and 13%) and
Sr3Gd(PO4)3:xTb3+(x ¼ 1.5%, 3%, 5%, 7%, 11% and 13%) were
synthesized by solid state reactions. Gd2O3 (4N), Tb4O7 (4N),
(NH4)2HPO4 (4N) and SrCO3 (4N) were used as the raw materials.
The corresponding raw materials were weighed in stoichiometric
ratios, grounded, pressed and then fired at different conditions.
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GdPO4:xTb3+ was firstly fired at 1150 1C for 6 h, then fired at 850 1C
for 5 h in a reducing atmosphere of 5% H2–95% Ar;
Sr3Gd(PO4)3:xTb3+ was fired firstly at 600 1C for 4 h and then at
1250 1C for 4 h. All samples obtained were white in color.

The phase purity of all the samples was verified by powder
X-ray diffraction (XRD; a Rigaku, Rint 2000 V). The VUV excitation
and emission spectra were measured at room temperature by a
fluorescence spectrophotometer (Kokenkogyo, VUV-2000)
equipped with a deuterium lamp as the lighting source. The UV
and visible emission were dispersed by the spectrophotometer
and were detected by a photomultiplier tube. Excitation spectra
were obtained by scanning the VUV monochromator that had
VUV coated gratings blazed at 150 nm. The VUV excitation spectra
were corrected by using sodium salicylate as a standard. The
spectral resolution of this instrument for emission and excitation
was approximately 1 and 2 nm, respectively.
3. Results and discussion

3.1. XRD of GdPO4:xTb3+ and Sr3Gd(PO4)3:xTb3+

GdPO4 crystallizes in a monoclinic monazite structure with
space group P21/n, and the Gd atoms in this structure are nine-
coordinated with a CS symmetry [24]. Sr3Gd(PO4)3 has a eulytite
structure with space group I43d, and Sr and Gd occupy the same
site with a C3 symmetry [23,25]. Fig. 1 shows the XRD patterns of
GdPO4:xTb3+ (1.5%rxr13%) and Sr3Gd(PO4)3:xTb3+(1.5%r
xr13%). All diffraction peaks of GdPO4:xTb3+ are in good
agreement with JCPDS card No. 32–0386. With the exception of
the two small peaks (I%o3%) indicated by an asterisk, which could
not be identified, the rest of diffraction peaks of Sr3Gd(PO4)3:xTb3+

could be well indexed according to JCPDS card No. 29–1301.
Fig. 1. XRD patterns of GdPO4:xTb3+ (1.5%rxr13%) and Sr3Gd(PO4)3:xTb3+

(1.5%rxr13%).
3.2. Photoluminescence properties of GdPO4:xTb3+

Fig. 2 presents the excitation spectra of GdPO4:xTb3+

(1.5%rxr13%) in the range of 120 to 300 nm. All the excitation
spectra are the same except for their intensities. The spectra
consist of three bands. The first band located in the range
140–165 nm is ascribed to the host band absorption, which is
probably in connection with the intramolecular transition of the
PO4

3� group [18–21]. The second broad band in the range
165–225 nm is assigned to the intraconfiguration 4f8–4f75d1

transition of Tb3+ [18–22]. The third band with a peak at 273 nm
is attributed to the 8S7/2–6IJ transition of Gd3+ ions. When one
electron of Tb3+ is promoted from the ground states 4f8 to the
4f75d1 excited state, it can produce two kinds of 4f8–4f75d1

transitions: spin-allowed and spin-forbidden transitions. The
spin-allowed transition is more energetic than the spin-
forbidden transitions [22]. Due to the low symmetry of the Tb3+

site in GdPO4:xTb3+ [26], the broad 4f8–4f75d1 transition band is
split into several small bands, and the small bands with peaks at
168, 180, 196 and 204 nm are considered to originate from the
spin-allowed 4f8–4f75d1 transition of Tb3+. The shoulder of the
broad band at 221 nm was assigned to the spin-forbidden
4f8–4f75d1 transition of Tb3+, which had been evaluated by using
the position of the 4f–5d band of Ce3+ in GdPO4 [18]. Even the
shoulder was calculated to be due to the spin-forbidden
4f8–4f75d1 transition of Tb3+, we consider that the splitting of
the 5d orbit also contributes to the origin of the shoulder. In
addition, the small band with a peak at 196 nm has nearly the
same position as the 6GJ–

8S7/2 transition of Gd3+ observed in some
fluorides [1,11–15]. In view of the 6GJ–

8S7/2 transition of Gd3+ is
spin and parity forbidden, it is thought that the peak at 196 nm
mainly originates from splitting of the 5d band of Tb3+.

To determine whether quantum cutting occurs in GdPO4:xTb3+

(1.5%rxr13%), the emission spectra of GdPO4:xTb3+

(1.5%rxr13%) excited at 273, 210 and 157 nm were measured
(see Fig. 3(a), (b) and (d)). Here, because the peak at 204 nm is
near to the 6GJ–

8S7/2 transition of Gd3+, we used 210 nm rather
than 204 nm as the excitation wavelength to ensure that the
excitation is from the 4f8–4f75d1 transition of Tb3+. Moreover, if
the origin of the peak at 196 nm differs from that at 210 nm, a
different trend in the dependence of the cross relaxation
efficiency on the concentration of Tb3+ is expected. To further
examine the ascription of the peak at 196 nm, we also measured
the emission spectra of GdPO4:xTb3+ (1.5%rxr13%) excited at
196 nm. The results are shown in Fig. 3(c). The trends in the
luminescence variation are almost the same for all the excitations.
The 5D3 emission decreased while the 5D4 emission of Tb3+

increased with an increase in the Tb3+ content, which is due to the
cross relaxation between the 5D3-

5D4 transition and 7F6-
7F0

transitions of Tb3+ [26]. Meanwhile, the 5D4 emission reached a
maximum at x ¼ 11% and then decreased, which is caused by
concentration quenching effect. The 5D4 emission of Tb3+
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Fig. 3. Emission spectra of GdPO4:xTb3+ (1.5%rxr13%)

Fig. 2. Excitation spectra of GdPO4:xTb3+ (1.5%rxr13%) monitored by the

emission of Tb3+ at 543 nm.
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increased rapidly with an increase in the concentration of Tb3+.
This is due to several factors, including the cross relaxation
between the 5D3 and 5D4 levels mentioned above, an increase in
the number of luminescence centers, and the quantum cutting,
which is discussed in the following section.

3.3. Quantum cutting in GdPO4: Tb3+

As a reference, Fig. 4 depicts the emission spectra of
GdPO4:Tb3+(3%) for excitations of 273, 210, 196 and 157 nm. All
emission spectra are scaled on the emission intensity for the
5D3-

7F6 transition of Tb3+. By comparing the emission spectra
excited at the 6IJ level of Gd3+ (273 nm) with that excited at the
other three wavelengths (210, 196 and 157 nm), we find that the
percentage of emission from 5D4 is higher than that excited by
273 nm radiation, indicating that quantum cutting occurs in
GdPO4:Tb3+ (3%). No quantum cutting occurs in GdPO4:Tb3+ with
excitation of the 6IJ level of Gd3+ (273 nm). When Tb3+ ions are
excited to their 4f75d1 states, the quantum cutting can be
explained by a two-step process: cross relaxation and directed
energy transfer [3,4] (see Fig. 5(b)). Upon excitation at 210 nm,
one Tb3+ ion in GdPO4:Tb3+ is excited from ground state to its
excited at (a) 273, (b) 210, (c) 196 and (d) 157 nm.
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Fig. 4. Emission spectra of GdPO4:Tb3+ (3%) under excitations at 273, 210, 196 and

157 nm. All spectra are scaled on the emission intensity for the 5D3-
7F6 transition

of Tb3+.

Fig. 5. Energy level diagrams for GdPO4:Tb3+ showing the mechanism for visible

quantum cutting and the energy transfer process excited at (a) 273, (b) 210 and (c)

157 nm. A represents cross relaxation and B represents direct energy transfer.

Fig. 6. Dependence of the calculated cross relaxation efficiency on the concentra-

tion (x) of Tb3+ in GdPO4:xTb3+ (1.5%rxr13%). The trend of the calculated cross

relaxation efficiency is fitted with the dotted line.
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4f75d1 state, and subsequently relaxes from the 4f75d1 state to an
intermediate state, 5D3. The energy released during the relaxation
process is transferred to a neighboring Tb3+ ion by cross
relaxation, exciting the neighboring Tb3+ ion to its 5D4 level,
resulting in the first green emission due to the 5D4-

7FJ transition
(step 1). The transition from 5D3 state of the original Tb3+

generates a second photon (step 2). It is also possible that while
Tb3+ relaxes from the 4f75d1 state to the 5D3 and 5D4 levels, the
released energy is transferred directly to a neighboring Gd3+ ion,
resulting in the emission observed at 311 nm [3,4]. Taking into
account that the emission intensity of Gd3+ at 311 nm upon
excitation at 157 nm is a little stronger than that upon excitations
at 210 and 196 nm (see Fig. 4), and that the host absorption band
partially overlaps with the 4f8–4f75d1 transition of Tb3+ (see
Fig. 2), it is considered that when GdPO4:Tb3+ is excited at 157 nm,
the energy is first absorbed by host, then is transferred from the
host to a higher 4f75d1 state of Tb3+. Subsequently quantum
cutting occurs via cross relaxation and direct energy transfer, in a
similar way as that observed in GdPO4:Tb3+ excited at 210 nm (see
Fig. 5(c)). Furthermore, the 157 nm excitation has enough energy
to excite Gd3+ from its ground state to its 6GJ state or a much
higher state. Because the 4f8–4f75d1 transition of Tb3+ in GdPO4

overlaps with the higher excited states of Gd3+, when GdPO4:Tb3+
is excited at 157 nm, there may be another energy transfer path
(see Fig. 5(c)). Specifically, the excitation energy is first transferred
to a higher excited state of Gd3+ (such as the 6GJ state). It is then
transferred from Gd3+ to the 4f75d1 state of Tb3+, followed by
quantum cutting that occurs in a similar way as that observed in
GdPO4:Tb3+ excited at 210 nm.

The cross relaxation efficiency (Z) in this system can be
determined by using the following equation, which was first
proposed by Wegh et al. [1,15] and later modified by Chen et al.
[3,4]:

Z ¼ PCR

PCR þ PDT
¼

Rð5D4=restÞ
Tb3þ � Rð5D4=restÞ

Gd3þ

Rð5D4=restÞ
Tb3þ þ 1

(1)

where PCR represents the probability for cross relaxation and PDT is
the probability for direct energy transfer. R(5D4/rest) is the ratio of
the emission intensity of 5D4 to that attributed to 5D3 of Tb3+ and
6PJ of Gd3+. The subscript indicates excitation from Tb3+ or Gd3+.

Fig. 6 illustrates the dependence of the calculated cross
relaxation efficiency on the concentration (x) of Tb3+ in
GdPO4:xTb3+ (1.5%rxr13%). The calculated cross relaxation
efficiency is fitted by the dotted line. The general trend shows
that the cross relaxation efficiency of GdPO4:xTb3+ increases from
62% at x ¼ 1.5% to 75% at x ¼ 13% under excitation at 210 nm, and
increases from 52% at x ¼ 1.5% to 72% at x ¼ 13% under excitation
at 196 nm. Furthermore, the cross relaxation efficiency of
GdPO4:xTb3+ increases from 11% at x ¼ 1.5% to 57% at x ¼ 13%
under excitation at 157 nm. As the concentration of Tb3+ increases,
the distance between adjacent Tb3+ ion decreases. Consequently,
the cross relaxation probability between adjacent Tb3+ ions
increases, resulting in an increase in the cross relaxation
efficiency, since the probability of cross relaxation for a
dipole–dipole interaction is proportional to L�6, where L is the
distance between donor and acceptor ions [27]. The trends of the
cross relaxation efficiency of GdPO4:xTb3+ (1.5%rxr13%) excited
at 210 and 196 nm are almost the same, indicating that they have
almost identical quantum cutting mechanisms, which is an
indirect evidence that the peak at 196 nm is mainly due to the
4f8–4f75d1 transition. As discussed above, the energy transfer
process of GdPO4:xTb3+ excited at 157 nm differs from that excited
at 210 and 196 nm. When the energy transfers from the host to a
Tb3+ or Gd3+ ion, part of the energy is lost through nonradiative
relaxation, which accounts for why the cross relaxation efficiency
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Fig. 8. Emission spectra of Sr3Gd(PO4)3:xTb3+ (1.5%rxr13%) excited at (a) 273 nm

and (b) 222 nm.
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of GdPO4:xTb3+ (1.5%rxr13%) excited at 157 nm is lower than
those for excitations at 210 and 196 nm.

3.4. Photoluminescence properties of Sr3Gd(PO4)3:xTb3+

Fig. 7 shows the excitation spectra Sr3Gd(PO4)3:xTb3+ (x ¼ 3%
and 7%) monitored by the 5D4–7F5 (543 nm) and 5D3–7F6 (380 nm)
emissions of Tb3+, respectively. The band below 175 nm is
assigned to host band absorption [23], while the broad band
above 175 nm with a peak at 222 nm is ascribed to the 4f8–4f75d1

transition of Tb3+, which overlaps with the 8S7/2–6GJ transition of
Gd3+. The much weaker absorptions at 254 and 273 nm are
assigned to the excitation from the 8S7/2 ground state to the 6DJ

and 6IJ states of Gd3+, respectively. Fig. 8 presents the emission
spectra of Sr3Gd(PO4)3:xTb3+(1.5%rxr13%) excited at 222 and
273 nm. The emission from the 5D3 level decreased with an
increase in the Tb3+ contents, which is due to the cross relaxation,
as mentioned above in regard to GdPO4:Tb3+. But the emission
from the 5D4 level, by contrast, did not change much. In particular,
when Sr3Gd(PO4)3:xTb3+ (1.5%rxr13%) is excited at 273 nm, the
emission from the 5D4 level of Tb3+ was almost the same. This
luminescent behavior is caused by the concentration quenching
and quantum cutting effects mentioned in GdPO4:Tb3+.
Furthermore, as mentioned in Section 3.1, there are two small
unidentified peaks in the XRD patterns of Sr3Gd(PO4)3:xTb3+(1.5%
rxr13%), which may be caused by a second phase in
Sr3Gd(PO4)3. The second phase may exist as an impurity which
may be also responsible for the luminescent behavior.

3.5. Quantum cutting in Sr3Gd(PO4)3:Tb3+

As an example, the emission spectra of Sr3Gd(PO4)3:Tb3+(3%)
excited at 185, 222 and 273 nm are given in Fig. 9. The spectra are
scaled on the 5D3-

7F6 emission. The ratios of 5D4 emission for
185 and 222 nm excitations are higher than that for 273 nm
excitation, indicating that quantum cutting occurs in
Sr3Gd(PO4)3:Tb3+ (3%). The quantum cutting process can be
considered the same as that in GdPO4:Tb3+. Fig. 10 shows the
dependence of the calculated cross relaxation efficiency on the
concentration (x) of Tb3+ in Sr3Gd(PO4)3:xTb3+ (1.5%rxr13%).
Fig. 7. Excitation spectra of Sr3Gd(PO4)3:xTb3+ (x ¼ 3% and 7%) monitored at 543

and 380 nm. Both spectra have the same scales.
Upon excitation at 222 nm, the calculated cross relaxation
efficiency for Sr3Gd(PO4)3:xTb3+ is 15% for a sample with
x ¼ 1.5% and 21% for sample with x ¼ 13%. Meanwhile, the
calculated cross relaxation efficiency for Sr3Gd(PO4)3:xTb3+ is
13% for a sample with x ¼ 1.5% and 26% for sample with x ¼ 13%
under excitation at 185 nm. The cross relaxation efficiency
variation of Sr3Gd(PO4)3:xTb3+ (1.5%rxr13%) showed a slow
growing trend. Comparing with GdPO4:xTb3+ (1.5%rxr13%), at
the same Tb3+ doping concentration, the cross relaxation
efficiency of Sr3Gd(PO4)3:xTb3+ (1.5%rxr13%) is rather low. This
is partly due to the differences of Gd3+–Gd3+ distances in these
crystals, according to the theory that the probability of cross
relaxation is inversely proportional to L6. The nearest-neighboring
Gd3+–Gd3+ distance (4.03 Å) in Sr3Gd(PO4)3 is longer than that
(3.41 Å) in GdPO4, as estimated based on atomic coordinates in
Sr3La(PO4)3 [25] and GdPO4 [24], and lattice constants determined
by X-ray diffraction. Therefore, the probability of cross relaxation
is lower in Sr3Gd(PO4)3:Tb3+ than in GdPO4:Tb3+. In addition, the
lower cross relaxation efficiency in Sr3Gd(PO4)3:xTb3+ may also be
due to a high concentration of defects or impurities in them.
4. Conclusions

By utilizing Tb3+–Tb3+ pairs, quantum cutting has been realized
in two kinds of oxide hosts.
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Fig. 10. Dependence of the calculated cross relaxation efficiency on the

concentration (x) of Tb3+ in Sr3Gd(PO4)3:xTb3+ (1.5%rxr13%). The trend of the

calculated cross relaxation efficiency variation is fitted with the dotted line.

Fig. 9. Emission spectra of Sr3Gd(PO4)3:Tb3+ (3%) upon excitations at (a) 273, (b)

221 and (c) 185 nm. The spectra are scaled on the 5D3-
7F6 transition of Tb3+.
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Upon excitation in the 4f75d1 states of Tb3+ in GdPO4:Tb3+ and
Sr3Gd(PO4)3:Tb3+, the excitation energy is transferred via a
quantum cutting process: the Tb3+ ion first relaxes from the
4f75d1state to an intermediate 5DJ state. During the relaxation, the
released energy excites a neighboring Tb3+ to its 5D4 level by cross
relaxation and/or transfers directly to a neighboring Gd3+,
depending on the excitation wavelength. Then, the original Tb3+
and the neighboring Tb3+ and/or Gd3+ ions revert to their ground
states by emitting two photons.

When GdPO4:Tb3+ is excited at the host absorption (157 nm),
the excitation energy is first absorbed by host, then is transferred
through two paths: (a) the absorbed energy is transferred to the
4f5d state of a Tb3+, then relaxes via a quantum cutting process, or
(b) the absorbed energy is transferred to a higher 4f state of
Gd3+(e.g. 6GJ), then is transferred to the 4f5d state of a Tb3+,
subsequently relaxes via a quantum cutting process.

An increase in the Tb3+ content increases the cross relaxation
probability between two neighboring Tb3+ ions in GdPO4:xTb3+

and Sr3Gd(PO4)3:xTb3+; as a result, the cross relaxation efficiency
for GdPO4:xTb3+ and Sr3Gd(PO4)3:xTb3+ is increased. When Tb3+

content in GdPO4:xTb3+ increases from x ¼ 1.5% to 13%, the cross
relaxation efficiency of GdPO4:xTb3+ increases from 62% to 75%
under excitation at 210 nm and from 11% to 57% under excitation
at 157 nm.
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