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Up-conversion luminescence and long-persistent luminescence are two well-studied, special lumines-
cence processes. By combining the unique features of these two luminescence processes, here we design
a new luminescence process called up-converted persistent luminescence (UCPL), which enables us to
generate persistent luminescence having an emission energy higher than the excitation energy. Guided
by the UCPL concept, we create the first UCPL phosphor Zn;Ga,GeOyg : 1%Cr3*, 5%Yb>*, 0.5%Er** by
incorporating an up-converting ion pair Yb3* /Er** into a Zn;Ga,GeOg : 1%Cr** near-infrared persistent
phosphor. After being excited by a 980 nm laser, the phosphor emits long-lasting (>24 h) near-infrared
persistent emission peaking at 700 nm. The UCPL concept and the associated phosphors are expected to
have important implications for several fields such as biomedical imaging.
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Up-conversion luminescence (UCL) is a nonlinear opti-
cal process that converts low-energy excitation, usually at
near-infrared (NIR) wavelengths, to higher-energy emis-
sion, typically in the visible spectral region [1]. As the
hypothetical energy level scheme illustrated in the left
panel of Fig. 1 shows, under the excitation of low-energy
light, the ion system is excited from the ground state (G) to
a high-energy excited state via an intermediate metastable
state (M). Subsequently, after nonradiative relaxation,
the excited ion from the emitting state (E) directly returns
to the G state, accompanied with light emission that has
higher energy than the excitation light. In conventional
UCL materials, trivalent lanthanide ions such as Er3t,
Tm3*, or Ho?* are typically used as activator ions, owing
to their ladderlike arranged energy levels that promote the
absorption and transfer of photons [2]. Yb** ions, which
have a sufficient absorption cross section in the NIR region,
are often codoped as sensitizer ions to enhance the UCL
efficiency by absorbing incident NIR photons and then
transferring the accumulated excitation energy to the
activator ions [2]. Efficient up-conversion emissions have
been achieved in some fluorides (e.g., NaYF,: Yb3*, Er3*
[3]) and oxides (e.g., YbPO,:Er** [4]) in the forms of
crystals or glasses [5-7].

Long-persistent luminescence (LPL) is a “self-sustained”
luminescence phenomenon whereby luminescence can
last for minutes to hours at room temperature after the
stoppage of the excitation [8]. This process can be
qualitatively explained by a simple schematic model based
on an electron transfer assumption [9], as shown in the right
panel of Fig. 1. Under excitation with ionizing radiation,
the ion system is excited to a delocalized state (D; i.e.,
an excited state associated with delocalization properties).
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The delocalized electron may be captured by and stored
in electron traps, which are generally lattice defects or
impurities [10]. After ceasing the excitation, the captured
electron may escape back to the D state owing to thermal
stimulation or quantum tunneling, followed by nonradiative
relaxation to the E state and then radiative return to the
G state, accompanied with LPL emission. Because of the
high energy of the trap level, the LPL process requires a
high excitation energy [usually ultraviolet (UV) or blue
light], which is higher than the energy of the emission
light. Up to now, there have been persistent phosphors
for each of the main emitting colors, as well as for the
NIR spectral region, with representative ones including
CaAl,0,:Eu*t, Nd®* (blue) [11], SrAl,O4:Eu**, Dy3*
(green) [12], Y,0,S:Eu**, Mg?*, Ti** (red) [13], and
Zn3Ga2G62010:Cr3+ (NIR) [14]
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FIG. 1 (color online). Schematic diagrams of up-conversion
luminescence (UCL), up-converted persistent luminescence
(UCPL), and long-persistent luminescence (LPL), with hypotheti-
cal energy level schemes. G, M, E and D represent the ground
state, metastable state, emission state, and delocalized state,
respectively. Straight-line arrows and curved-line arrows represent
optical transitions and electron transfer processes, respectively.
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Although the UCL and LPL processes exhibit different
luminescence forms and mechanisms, they share similar
implications for a variety of technologies. In particular,
both UCL nanophosphors and NIR LPL nanophosphors
have attracted enormous attention in recent years for use as
optical nanoprobes in biomedical imaging applications,
because the involvement of high-penetrating NIR light
as either an excitation source (for UCL [15-17]) or an
imaging signal (for NIR LPL [18-20]) can greatly reduce
the optical interference (e.g., tissue autofluorescence) from
tissues, enabling significantly improved imaging sensitivity
and depth. However, both the UCL and the LPL processes
suffer from their own drawbacks. In UCL-based imaging,
the need for real-time, intense NIR light excitation (typ-
ically a 980 nm NIR laser) can cause constant background
noise that inevitably reduces the signal-to-noise ratio
and, therefore, the object detectability. The detectability
can be further reduced by the scattering and absorption of
the generally short-wavelength light (usually in the visible
spectral region) generated in the UCL process. In NIR LPL-
based imaging, while the technique offers excitation-free
and hence noise-free imaging conditions [18], its applica-
tion is restricted by its short observation window, typically
less than a few hours, which is insufficient for in vivo
cell tracking, which needs a window of days or even weeks
[21]. Since LPL materials are mostly effective with UV
light excitation, which has short tissue penetration and is
harmful to normal tissue, it is not possible to recharge
the nanoprobes once they are inside a living subject. Thus,
to make NIR LPL materials competitive in biomedical
imaging, the nanoprobes need to be able to be effectively
charged in vivo by a high-tissue-penetrating light source
such as a 980 nm NIR laser.

The UCL and LPL diagrams in Fig. 1 suggest that the
drawbacks of the UCL and LPL processes in biomedical
imaging could possibly be overcome by combining the
unique features of these two processes. We therefore
propose a new conceptual luminescence process called
up-converted persistent luminescence (UCPL) by combin-
ing the UCL and LPL processes, as illustrated in the middle
panel of Fig. 1. According to this UCPL concept, the
low-energy incident photons can promote the ion system
from the ground state to the high-energy delocalized state
via an up-conversion excitation channel, followed by filling
of the traps. When the stored excitation energy is gradually
released, a NIR persistent luminescence signal with higher
energy can be generated. The net effect of the UCPL
process is that persistent emission can be created by
excitation energy that is lower than the emission energy,
a phenomenon that does not occur in nature.

To justify the UCPL concept, we designed and fabricated
a new material by incorporating the up-converting ion pair
Yb**/Er*t (5 mol%/0.5 mol%) into a NIR LPL phosphor
7Zn;Ga,GeOy : 1%Cr**, forming the first UCPL phosphor
7Zn;Ga,GeOg : 1%Cr3*, 5%Yb*T, 0.5%FEr’** (hereafter

referred to as ZGGO:Cr, Yb, Er). Zn;Ga,GeOg:
1%Cr** was chosen as the bench material because of its
superior NIR LPL performance and its wide excitation
range (from UV to red light) for LPL emission [14]. The
ZGGO:Cr, Yb, Er phosphor was synthesized by a solid-
state reaction method. Stoichiometric amounts of ZnO,
Ga,03, GeO,, Cr,03, Yb,03, and Er,O; powders were
ground to form a homogeneous fine powder suitable for
prefiring. The mixed powder was then prefired at 900 °C in
air for 2 h. The prefired powder was pressed into disks
using a hydraulic press, and then sintered at 1310°C in
air for 1.5 h to obtain the products. The crystal structure
of the as-synthesized ZGGO:Cr, Yb, Er phosphor was
measured using a PANalytical X’Pert PRO powder x-ray
diffractometer with Cu Ka, radiation (1 = 1.5406 A). The
optical properties of the material were carefully studied
using an array of spectral methods. A Horiba FluoroLog-3
spectrofluorometer, equipped with a 450 W xenon arc
lamp, a R928P photomultiplier tube (240-850 nm), and a
liquid nitrogen-cooled DSS-IGA020L InGaAs detector
(800-1600 nm), was used to record the photoluminescence
spectra, UCL spectra, decay curves, and LPL and UCPL
emission spectra. A tunable 980 nm laser diode module
(output power, 1-1000 mW) was used as the excitation
source, whose output beam was not focused and had a spot
size of about 20 mm?. A homemade thermoluminescence
(TL) measurement setup (temperature range, —196 to
300°C; heating rate, 4°C/s) was used to measure the
TL properties. The variables used in the TL measurements
included varied excitation energies (300-720 nm and
980 nm), and varied excitation powers (200-700 mW from
the 980 nm laser; the corresponding power densities were
about 1-3.5 W/cm?), and varied excitation durations
(10-1000 s). The delay time between the illumination and
TL measurement was 1 min. An ITT PVS-14 Generation I11
night vision monocular was used to take the NIR images
through a Pentax digital SLR camera that was connected to
the eyepiece of the monocular. Before all the spectral
measurements, the samples were heat treated in a muffle
oven at 400 °C for 20 min to completely empty the electron
traps. Appropriate optical filters were used to avoid stray
light in all spectral measurements.

X-ray diffraction analyses show that the addition of the
5 mol%/0.5 mol% Yb>* /Er** ion pair into Zn;Ga,GeOy :
1%Cr3* does not affect the material’s crystal structure (see
Fig. S1 in the Supplemental Material [22]). Figure 2(a)
illustrates the UCPL process in the ZGGO:Cr, Yb, Er
system. Upon excitation in the >F’ /2 level of the Yb** ions
under 980 nm light, energy is transferred to the Er** ions,
resulting in Er’* in the 4S5, and *Fy ) excited states via up
conversion [1]. The #T,/>E excited states of Cr** are then
populated via energy transfer from Er’* to Cr’* [23].
Besides the photoluminescence emission from Cr**, the
up-converted excitation of Cr** will also lead to the filling
of the traps (the traps can be filled after the excitation of all
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FIG. 2 (color online). (a) UCPL schematic diagram in the
ZGGO:Cr, Yb, Er system. The straight-line arrows and curved-
line arrows represent optical transitions and energy (or electron)
transfer processes, respectively. The emission levels are marked
with red solid spots. (b) UCL emission spectrum (curve with
yellow shadow) under a 980 nm laser excitation and photo-
luminescence excitation spectrum of Cr3* (blue solid-line curve)
by monitoring the 700 nm emission. The red dashed-line circles
indicate the positions of the characteristic excitation peaks of
Er’*. In the emission spectrum, the Cr’* emission was high-
lighted by the diagonal shadow. (¢) UCPL emission spectrum of
ZGGO:Cr, Yb, Errecorded at 5 s after the stoppage of a 980 nm
laser excitation. The upper right inset is the UCPL decay curve
monitored at 700 nm emission. The left inset shows the NIR
images (false color) taken at different delay times (5 min to 24 h)
after ceasing the 980 nm laser excitation using a digital camera
that was connected to the eyepiece of an ITT PVS-14 Gen III
night vision monocular. The signals were attributed to the NIR
UCPL. The imaging parameter is manual/ISO 400/30 s. For all
the UCPL measurements, the samples were irradiated by a
980 nm laser for 10 min at a power of 600 mW.

the 3d excited energy levels of Cr’" in the material, as
indicated by the trap filling spectrum in Fig. S2 of the
Supplemental Material [22]). As a result, after ceasing
the 980 nm excitation, the gradual release of the captured
electrons leads to NIR persistent luminescence from the
Cr** ions (via the 2E — #A, transition).

The conceptual UCPL process illustrated in Fig. 2(a) was
experimentally verified using spectral methods. Figure 2(b)
shows the UCL emission bands of Er*t (4S5, — *Iy5
and ‘Fy/y — *I5), transitions; yellow shadow area) and
Cr’* (E — *A, transition; diagonal shadow area) under a
980 nm laser excitation, as well as the excitation spectrum
of ZGGO:Cr, Yb, Er by monitoring the 700 nm emission
of Cr’* (blue solid line curve). The spectral overlap
between the Cr’* excitation band and the Er** UCL
emission bands suggests the excitability of Cr’* by the
980 nm laser illumination via energy transfer [24]. The
appearance of the Cr** photoluminescence band under
980 nm light excitation, as well as the appearance of Er**
excitation peaks (at 519 and 640 nm as labeled by red
dashed-line circles) in the excitation spectrum by monitor-
ing the Cr3* emission, verifies the occurrence of effective

energy transfer between Er’* and Cr’* (note that without
Er** codoping, Zn;Ga,GeOg:1%Cr** or Zn;Ga,GeOg:
1%Cr3*, 5%Yb** does not give Cr** luminescence under
980 nm light excitation, see Fig. S3 of the Supplemental
Material [22]). The energy transfer between Er’* and
Cr’* was further verified by the appearance of the up-
conversion-induced Cr* persistent emission, i.e., the
Cr** UCPL emission. Figure 2(c) shows the Cr** UCPL
emission spectrum recorded immediately (the delay time is
5 s) after a 980 nm laser illumination (at 600 mW) for
10 min. The spectrum contains a strong emission band
peaking at 700 nm (emission of Cr**) and a weak band
peaking at 1010 nm (emission of Yb*", originating from
the persistent energy transfer from Cr** to Yb**; the
complete photoluminescence results are given in Fig. S4
of the Supplemental Material [22]). The upper inset of
Fig. 2(c) shows the Cr** UCPL decay curve monitored at
700 nm after exposure to the 980 nm laser (600 mW) for
10 min. The data were recorded as a function of UCPL
emission intensity versus time and the recording lasted for
60 min. After 60 min of persistent emission, the UCPL
intensity was still significantly high, meaning that the
UCPL should last much longer than 60 min. This long-
lasting Cr** UCPL was verified by a NIR imaging experi-
ment that utilized a night vision monocular (ITT PVS-14
Gen III) to monitor or image the changes of the emission
“brightness” of a ZGGO:Cr, Yb, Er disk sample in a dark
room, as the NIR images shown in the left inset of Fig. 2(c).
After being exposed to the 980 nm laser for 10 min, the
UCPL signals from the sample could be clearly visualized
even after 24 h decay.

The results in Fig. 2(c) clearly show that low-energy
980 nm light excitation can result in higher-energy 700 nm
(from Cr**) persistent luminescence via the up-conversion
excitation channel in ZGGO:Cr, Yb, Er. To gain further
insight about this new UCPL process, we studied the
TL properties of ZGGO:Cr, Yb, Er under the excitation
of a tunable 980 nm laser diode module (output power,
1-1000 mW), because the TL measurements can provide
information related to the traps and the interactions
between the Cr’* ions and the traps [14,19,25]. Our
previous study revealed that the traps were continuously
distributed in the Cr’**-activated ZGGO system [14], in
which germanium was believed to play an important role
in the formation of the high density of traps. According
to the distribution characteristic of the traps in the
Cr¥*-activated ZGGO system, we systematically tuned
two excitation conditions in measuring the TL properties
of the ZGGO: Cr, YDb, Er phosphor: varying the laser power
(i.e., excitation intensity) between 200 and 700 mW with a
fixed excitation duration of 300 s, and varying the exci-
tation duration between 10 and 1000 s with a fixed laser
power of 450 mW. Figure 3(a) shows a contour plot of
the TL spectra acquired under the excitation of different
laser powers between 200 and 700 mW in 50 mW steps

177401-3



PRL 113, 177401 (2014)

PHYSICAL REVIEW LETTERS

week ending
24 OCTOBER 2014

£ 200
@ % exposure for 300 s 1 ()
T 300 -
4 =
§ 400 g
@ 500 A = delocalization
© : =
5 600 3 o, =
£ 0 c
S 700 B | . g
Y 50 100 150 200 t— e
r /ATRAP-1
Temperature (°C) T o
: UCEX —_a i’ B
(b) ' e TRAP-2
0
c
5
g ‘A,
& fo
2
B
=4
[}
£ ‘ ‘
-
=

T T T T
50 100 150 200
Temperature (°C)

FIG. 3 (color online). (a) Contour plot of TL spectra obtained
by illuminating a ZGGO:Cr, Yb, Er sample for 300 s with a
980 nm laser whose power was tuned between 200 and 700 mW.
The monitoring wavelength is 700 nm. The magnitude of the TL
intensity is shown by the color bar. (b) Normalized TL spectra
obtained by illuminating a ZGGO:Cr, Yb, Er sample using a
980 nm laser (at 450 mW) for different exposure times from 10 to
1000 s. (c¢) Schematic representation of electron transfer under
up-converted excitation (UCEX).

(the individual TL spectra are given in Fig. S5 of the
Supplemental Material [22]). The TL intensity nonlinearly
increases with the laser power (see the inset of Fig. S5(a) of
the Supplemental Material [22]), but the position of the
band maximum is independent of the laser power, which
remains at ~128 °C. When the excitation duration varies,
however, the position of the TL band maximum no longer
remains constant. As shown in Fig. 3(b), the normalized
TL peak position shifts from ~95 to ~138°C when the
excitation duration is increased from 10 to 1000 s (the laser
power is kept at 450 mW), meaning that lengthening the
excitation duration of the 980 nm laser changes the electron
distribution in the traps. This observation is different from
that commonly observed from high-energy light (UV and
visible light) excited TL measurements in persistent phos-
phors, which show that in the same material, when the
position of the TL band maximum is found to be inde-
pendent of the excitation intensity, the same relationship
should also occur with the excitation duration [25]. This
phenomenon actually occurred in the present ZGGO:Cr,
Yb, Er phosphor under the excitation of high-energy lights,
e.g., a red light emitting diode (LED). That is, varying
the excitation intensity (the variation range is 1000 times)
and excitation duration (3 and 300 s) under a red LED
excitation always produce the similar broad TL bands
peaking at ~80°C (i.e., no shift of the TL spectra), as
shown in Fig. S6 of the Supplemental Material [22]. The
TL maximum of 80°C also coincides with that obtained
after excitations with a wide range of excitation energies

from UV to visible light [Fig. S2(a) of the Supplemental
Material [22]].

The different TL behaviors in ZGGO:Cr, Yb, Er under
the excitations of low-energy 980 nm light and high-energy
UV or visible light indicate that the 980 nm illumination not
only produces the up-converted excitation to fill the traps,
but also influences the electron distribution in the traps.
Based on the above results and discussions, we propose
an electron transfer mechanism to account for the UCPL
process in ZGGO:Cr, Yb, Er, as schematically shown in
Fig. 3(c). To simplify the model, we divided the continuous
traps into shallow traps (i.e., TRAP-1) and deep traps
(i.e., TRAP-2). Under the excitation of a 980 nm laser, the
up-converted excitation populates the T, /?E crystal-field
states of Cr’*, followed by the filling of the shallow traps
and deep traps in the material (it is worth noting that some
details of the electron transfer, such as the possible change
of the Cr valence state during the UCPL process, need to
be investigated through suitable experimental techniques in
the future). While the shallow traps are capturing electrons
from the excited Cr3t, the 980 nm excitation is also
promoting the trapped electrons to the delocalized con-
duction band via a photostimulation process [19], resulting
in the depopulation of electrons in the shallow traps. For the
electrons in the deep traps, however, the 980 nm excitation
energy is too low to promote them to the conduction band.
Thus, the net population in the shallow traps increases
more slowly than that in the deep traps as the excitation
duration increases. As a result, the position of the TL band
maximum shifts to higher temperature as the excitation
duration increases [Fig. 3(b)]. This can also explain why
the positions of the TL band maxima (~95-138 °C) under
980 nm light excitation [Fig. 3(b)] are higher than that
(~80°C) obtained under UV or visible light excitation
(Figs. S2 and S6 of the Supplemental Material [22]; the
high-energy UV or visible light has the same stimulation
effects for the shallow and deep traps).

In conclusion, we have proposed a new UCPL concept
by combining the unique features of the well-known
UCL and LPL processes, and designed and fabricated
the first UCPL phosphor Zn;Ga,GeOg : 1%Cr**, 5%Yb3*,
0.5%Er** (ZGGO:Cr, Yb, Er) by incorporating a
5 mol%/0.5 mol% Yb>*/Er*" up-converting pair into
the NIR LPL phosphor Zn;Ga,GeOyg:1%Cr>*. With the
excitation of a 980 nm laser, besides the NIR UCPL
emission from Cr’*, the ZGGO:Cr, Yb, Er phosphor
also exhibits effective UCL emissions from Er** and
Cr3t, even at low laser power (e.g., 20 mW; see Fig. S7
of the Supplemental Material [22]). Moreover, like its
parent material Zn;Ga,GeOyg : 1%Cr**, the ZGGO: Cr, Yb,
Er phosphor also exhibits a superior NIR persistent
luminescence property from Cr’* after excitation by UV
(or visible) light (Fig. S8 of the Supplemental Material
[22]). Such multimodal functions enable the ZGGO:Cr,
Yb, Er phosphor to find applications in many important
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areas, particularly in biomedical imaging that requires
high sensitivity, a long observation window, a deep tissue
penetration depth, and excitability in vivo. Finally, the
UCPL concept is general and can be used to design many
other new UCPL materials based on existing persistent
phosphors. For example, by incorporating 10 mol %/
0.5 mol % Yb**/Tm?* into La;GasGeO,4:2%Cr’* [26],
we obtained the La;GasGeO,,:2%Cr3t, 10%Yb3*,
0.5%Tm3* UCPL material exhibiting broadband Cr**
UCPL emission after excitation with a 980 nm laser
(Fig. S9 of the Supplemental Material [22]).
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