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considered because, as shown in Fig. 3a, a minimum power of
2 mW is needed in order to produce detectable persistent
luminescence (by the FluoroLog-3 spectrofluorometer) in the
LiGa5O8:Cr

3+ phosphor. Using pork tenderloin as a model
tissue, we measured the remaining power of a 635 nm laser
diode after the laser beam (1–1000 mW) penetrated 1 to 10 mm
thick pork, as shown in Fig. S7 (ESI†). At output powers of
20 mW and 100 mW, the remaining powers of the 635 nm laser
diode were expected to be high enough (i.e., 4 2 mW) to charge
the LiGa5O8:Cr

3+ phosphor located up to 3 mm and 6 mm,

respectively, deep within pork. Indeed, by charging the LiGa5O8:Cr
3+

phosphor disc located at 1 mm and 3 mm deep within pork
using a 635 nm laser diode at 20 mW for 5 min and at 100 mW
for 1 s, respectively, considerably high persistent luminescence
was detected in both cases (Fig. 5b). The remaining powers of
the 20 mW laser beam passing through 1 mm pork and 100 mW
laser beam passing through 3 mm pork are B 6.5 mW and
B 8.5 mW, respectively. As expected, the persistent lumines-
cence intensity produced by the remaining laser power is at the
same magnitude as that produced by the same power but

Fig. 4 UCC in Pr3+- and Mn2+-activated persistent luminescence systems. (a) Schematic diagrams of UCC processes in Pr3+- and Mn2+-activated
persistent luminescence systems under the excitation of visible-light laser diodes. Diagonal regions represent the delocalization states. Straight-line
arrows and curved-line arrows represent optical transitions and electron transfer processes, respectively. (b) UCC induced persistent luminescence
decay curve of the MgGeO3:Pr

3+ phosphor after excitation by a 450 nm laser diode at 1000 mW for 10 s. The decay is monitored at Pr3+ 624 nm
emission. The inset shows the UCC persistent luminescence emission spectrum recorded at 10 min after ceasing the excitation. (c) UCC induced
persistent luminescence decay curve of the MgGeO3:Mn2+ phosphor after excitation by a 635 nm laser diode at 600 mW for 10 s. The decay is monitored
at Mn2+ 678 nm emission. The inset shows the UCC persistent luminescence emission spectrum recorded at 1 h after ceasing the excitation.
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without the pork. Fig. 5b also shows that the persistent
luminescence intensity obtained after irradiation at 6.5 mW for
5 min is significantly higher than that obtained after irradiation at
8.5 mW for 1 s, showing that at similar laser output power, the
extent of charging is more effective for longer irradiation duration.
Overall, the above studies provide the foundation for medical
research and applications that involve charging of the LiGa5O8:Cr

3+

phosphor in vivo using a 635 nm laser diode.

Conclusions

We have proposed and investigated a new, two-photon UCC
concept to effectively charge persistent phosphors containing
UCC-enabling activator ions (including Cr3+, Pr3+ and Mn2+)
using low-energy, high-intensity visible-light laser diode excitation.
The low-energy visible-light excitability offered by theUCC represents
a breakthrough in the field of persistent luminescence, which is
expected to have significant impacts on both fundamental
luminescence research and practical applications of persistent
phosphors. For instance, in biomedical research the UCC
makes effective in vivo charging persistent optical probes using
tissue-friendly visible light sources possible. Moreover, since
the UCC appears to be a common phenomenon in persistent
phosphors containing UCC-enabling activator ions, many exist-
ing persistent phosphors that were previously well-studied
using UV excitation can now be revisited using visible-light
laser diode excitation, enabling new luminescence properties to
be discovered and new applications to be developed. Considering the
wide use of visible-light laser diodes nowadays and the increasing
applications of persistent phosphors in many important fields,

the UCC technique offers a new way to study persistent
luminescence and utilize persistent phosphors.
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3 J. Hölsä, T. Laamanen, M. Lastusaari, M. Malkamaki and
P. Novak, J. Lumin., 2009, 129, 1606.

4 K. van den Eeckhout, P. F. Smet and D. Poelman, Materials,
2010, 3, 2536.

5 K. van den Eeckhout, D. Poelman and P. F. Smet, Materials,
2013, 6, 2789.

Fig. 5 UCC-induced persistent luminescence in the LiGa5O8:Cr
3+ persistent phosphor after being charged by a 635 nm laser diode within safe exposure

power limits. (a) A 3-D graph showing the relationship between the persistent luminescence intensity and the safe exposure limits. The red open circle
curve on the base plane represents the safe exposure limits, which depend on the laser output power and the exposure duration. The pink ball curve
shows the persistent luminescence intensities (monitored at 716 nm) after the excitation along the exposure limits. The grid area on the base plane
represents the safe irradiation conditions for a 635 nm laser diode to the skin. (b) UCC induced persistent luminescence decay curves of the LiGa5O8:Cr

3+

phosphor disc embedded in pork tenderloin after being charged by a 635 nm laser diode at 20 mW for 5 min and at 100 mW for 1 s. Decay curves
obtained after excitations by 6.5 mW for 5 min and 8.5 mW for 1 s without pork are also shown. The decay was monitored at Cr3+ 716 nm emission.

Journal of Materials Chemistry C Paper

Pu
bl

is
he

d 
on

 1
8 

Ju
ne

 2
01

8.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f G
eo

rg
ia

 o
n 

8/
6/

20
19

 5
:1

5:
18

 P
M

. 
View Article Online

https://doi.org/10.1039/c8tc02419g


8010 | J. Mater. Chem. C, 2018, 6, 8003--8010 This journal is©The Royal Society of Chemistry 2018
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