<]
TUDelft

Delft University of Technology

The role of Ln3" (Ln = Eu, YDb) in persistent red luminescence in MgGeO3:Mn2+

Katayama, Y.; Kayumi, T.; Ueda, J.; Dorenbos, Pieter; Viana, B; Tanabe, S

DOI
10.1039/C7TC03151C

Publication date
2017

Document Version
Accepted author manuscript

Published in
Journal of Materials Chemistry C: materials for optical and electronic devices

Citation (APA) 3+
Katayama, Y., Kayumi, T., Ueda, J., Dorenbos, P., Viapa, B., & Tanabe, S. (2017). The role of Ln" (Ln =
Eu, Yb) in persistent red luminescence in MgGeO_:Mn" . Journal of Materials Chemistry C: materials for
optical and electronic devices, 5(34), 8893-8900. ﬁttps://doi.org/10.‘|039/C7TC03151C

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1039/C7TC03151C
https://doi.org/10.1039/C7TC03151C

Accepted Author Manuscript of http://dx.doi.org/10.1039/C7TC03151C

Journal Name

»

OF CHEMISTRY

Role of Ln** (Ln=Eu, Yb) on persistent red luminescence in

MgGeO;: Mn**

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

Y. Katayama,”®" T. Kayumi,” J. Ueda,” P. Dorenbos,‘ B. Viana® and S. Tanabe®

In this paper, Mn*" and Ln** (Ln = Eu, Yb) co-doped MgGeO; phosphors were prepared by a solid state reaction technique,

and their optical properties were investigated. Mn2+—doped samples exhibit persistent luminescence in the red region,

peaking at 677 nm, because of the 4Tlﬂ"’Al transition of the Mn?* ions under ultraviolet (UV) excitation. Based on the

charge transfer (CT) transition of Eu®* and the band-gap energy, energy level diagrams with divalent lanthanide ground

states relative to the conduction and valence band edges were constructed. AE(Ln), (Ln = Eu, Yb), which represents the

energy gaps between the divalent lanthanide ground states and the bottom of the conduction band, were found to be

0.95 and 0.52 eV, respectively. Compared to a Mn** singly- doped sample, the thermoluminescence (TL) glow curves of the

Mn**-Eu’* co-doped sample and the Mn*-yb** co-doped sample showed an additional TL glow peak at approximately 502

and 332 K with trap depths (Eqqp) of 1.49 and 0.99 eV, respectively. The correspondence of E.q, with AE(Ln) suggests that

Eu®* and Yb>* themselves work as electron traps in the MgGeOs: Mn** phosphors. We have also demonstrated that the

Mn**-Eu’®* co-doped material could be a good probe with photo-stimulated functions for long-term in vivo imaging owing

to its deeper trap depth.

Introduction

After the discovery of the green emitting SrAl,0,:Eu**-Dy*"
phosphor in 1996 by Matsuzawa et al.’, many visible persistent
phosphors have been developed for night lighting, safety signs,
and related applications®”.

Recently, red to near-infrared (NIR) persistent phosphors
have attracted considerable attention because of their
potential applications for in vivo imagingE. The advantages of
using red-to-NIR persistent phosphor for in vivo imaging in
comparison with the other fluorescent probes can be
summarised as follows. Red-to-NIR luminescence corresponds
to the spectral range that has high transmittance through
biological tissues’. Excitation before injection reduces photo-
toxicity on biological tissues® and leads to a higher signal-to-
noise ratio because of the extinction of scattering of excitation
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light and the absence of the autofluorescence of biological
tissues®. To date, many red-to-NIR persistent phosphors
activated with Eu®*, Mn?* and Cr* ions” ® Y7 have been
reported because the transition wavelength is suitable for in
vivo application in the so-called first biological window?.

Mn?**-activated phosphors show, depending on the crystal
field strength, various luminescence colours, from blue-green
to deep-red, that arises from 3d-3d intra-atomic transitions
(Mn2+:4T196A1) in inorganic materials. Generally, red
luminescence, which is suitable for in vivo application, is
achieved when Mn>" ions are in octahedral coordination sites®
011 h the MgGeO; enstatite host, one of the pyroxene
structures with two kinds of six-fold Mg and fourfold Ge sites,
Mn®* shows red luminescence at 680 nm owing to the
incorporation of Mn into Mg sites. In 2003, Iwasaki et al.
investigated the effect of lanthanide co-doping on the
persistent luminescence of MgGeogzMn2+ and reported that,
among the fourteen lanthanide ions, only Yb co-doping
increases the persistent luminescence intensity of
MgGeOs:Mn*"™®. They proposed that Yb®>" may be a natural
electron trap and that trivalent and divalent are both possible
states. However, it is still unclear why in the MgGeO; host,
only Yb* acts as a good co-dopant to enhance the persistent
luminescence.

Persistent luminescence occurs when a material has two
types of defects, one serving as a
luminescence centre and the other as a carrier trap centre.
Both need to have the ground state level located in the
forbidden gap. As mentioned above, the introduction of an

recombination and
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appropriate defect level as a trap centre is often achieved by
co-doping with lanthanide ions?3-%%, Recently, a helpful tool to
discuss the trap depth generated by lanthanide co-doping has
been established by Dorenbos?®??.  This model is semi-
empirical and offers information on the energy relationship
between the valence and conduction (VB, CB) band edges and
ground states of divalent and trivalent lanthanide ions. For
instance, the carrier trapping properties of YPO, doped with
ce*/Pr*" and Ln*" (Ln=Nd, Er, Ho, Dy) have been modelled,
following Dorenbos, an electron trapping model with Ln co-
dopants, where Ce*"/Pr*" are the hole trapping recombination
centres® %>,

In this paper, we applied the Dorenbos model to
MgGeO3:Mn**-Ln*" (Ln = Eu and Yb) red persistent phosphors
and investigated their persistent luminescence properties. We
found that next to Yb, only Eu can work as an electron trap in
the MgGeOs:Mn?" that
MgGeOs:Mn*"-Eu®", which provides a deeper trap than Yb*',
works as a storage phosphor.

phosphor and demonstrated

Experimental procedures

Samples preparation

Polycrystalline ceramics with compositions of
Mgo.957MNg.002YP0.001GEO03 Mgo.9977MNg.002EU0.0003G€O03
were prepared by a solid-state reaction. The chemical
reagents, MgO (4N), GeO, (4N), MnCO; (5N), Eu,05 (4N), and
Yb,03 (4N) were used as starting materials. MgO was fired at
1300 °C for 13 h for dehydration and decarbonisation before
weighing, because it reacts with H,0 and CO, in the air to
some extent. Batches of the starting materials were mixed in
the presence of ethanol. After drying, the mixture was sintered
at 1200 °C for 5 h in air. The batches were ground in an
alumina mortar to form homogeneous fine powder mixtures.
Pellets of 13-mm diameter were sintered at 1300 °C for 2 h. As

references, non-doped, Mn?* singly-doped, Eu® singly doped,

and

and Yb* singly doped polycrystalline ceramics with
compositions of MgGeO; (MGO), Mgpo9sMngg2GeO03,
Mgo.9997EU0.0003G€03, and  MggogeYbp001GeO; were also

synthesised by the same method. The Eu containing samples
were sintered in oxidising atmosphere. A cation ratio [Ge]/(all
cations except [Ge]) of 1.05 was adopted to avoid the
generation of the Mg-rich impurity phase, Mg,GeQ,, because
of the volatile nature of GeO, above 1250 °C. The ZnGa204:Cr3+
phosphor with composition of Zng ¢5(Gag.995Crg.005),04 Was used
as a reference for the persistent luminescence decay curve®
measurements. Sample names, compositions and sintering
atmospheres of all the prepared samples are listed in Table 1.

Characterization

The crystalline phases of the obtained samples were identified
by powder X-ray diffraction (Rigaku, Ultima V). Diffuse
reflectance spectra were measured using a scanning-type
spectrophotometer (Shimadzu, UV3600) with a BaSO,-based
integrating sphere. Photoluminescence excitation (PLE) spectra
were measured using a fluorescence spectrophotometer
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(Shimadzu, RF-5300). The persistent luminescence decay
curves were recorded using a photomultiplier (Hamamatsu,
R928) after the samples had been irradiated by a 300-W xenon
lamp (Asahi Spectra, Max 302) with a UV mirror module (250
to 380 nm) for 5 min. Then, the afterglow intensity was
converted into an absolute intensity (radiance, in units of
mW-sr‘l-m’z) by using a calibrated charge-coupled device (CCD)
spectrometer (B&W Tek, Glacier X). Photoluminescence (PL)
spectra and persistent luminescence spectra were measured
using a CCD spectrometer (Ocean Optics, QE65pro). All PL and
persistent luminescence spectra were corrected for the
detector response using a standard halogen lamp (Labsphere
SCL-600). Thermoluminescence (TL) glow curves of the red
Mn®" luminescence were recorded using the photomultiplier. A
band-pass filter (380 to 700 nm) and a long-pass filter (600 nm)
were fixed in front of the photomultiplier to cut off the noise.
The samples were first cooled to 100 K and exposed to the
same xenon lamp with the UV module for 10 min. After
another 10 min of waiting time, the samples were heated to
600 K. The temperature dependence of the PL spectra of the
MGO:Mn*"-Eu*" and MGO:Mn**-Eu®"
under 290-nm excitation, which was

samples were measured
obtained by a
combination of a band-pass filter and the xenon lamp. In the
(PSL) the
samples were kept at 37 °C (living body temperature), for 11

photostimulated luminescence measurements,
days after UV irradiation for 5 min. Subsequently, the PSL
decay curves were detected with the photomultiplier under
repeating on and off cycle of a 977-nm laser diode (LD) (Lumics,

LU0977M300) every 5 min.

Results and discussion

Incorporation of lanthanide ions into the MgGeO; lattice

Figure 1 shows the X-ray diffraction patterns of all the
obtained MgGeQ; samples. For all the samples, MgGeO3 with
orthorhombic enstatite structure was obtained as a single
phase(ICDD No0.01-084-0768). No shift in the diffraction peaks
was observed in these samples with different dopants.

Because the ionic radius of Ge*" (0.39 A) in four-fold
coordination is too small for Mn*, Eu*" and Yb*" dopants,
whose radii in six-fold coordination site are 0.67, 0.95, and
0.87 A, respectively, are very likely incorporated into Mg2+ Six-
fold sites (0.72 A)Zs. Based on the XRD results, no impurity
phases were present in any sample (Figure 1). This result
suggests that larger lanthanide ions, Eu and Yb, as well as Mn
ions, are incorporated into the MgGeOjs lattice.

Table 1, Nominal compositions and applied sintering atmospheres of samples.

Notation Composition Atmosphere
MGO MgGeO; Air
MGO:Mn2+ Mgo_gggMno 002Ge0s Air
MGO:Eu* M0o.0997EU0.0003G€03 0,
’\/I(."»‘O:ng+ Mgo‘ggngo_omGeOg Air
MGO:Mn**-Eu® M0o.9977MnNg 002EU0.0003G €03 0O,
MGO:MnZ+'Yb3+ Mgo_gg7MnQ 002Yb0‘001GeO3 Air
ZGOZCF3+ ZNn aa(Gan 0asCronns)20z 0 Air*

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1, X-ray diffraction patterns of the MGO, MGO:Mn?**, MGO:Eu®', MGO:Yb**,
MGO:Mn**-Eu®* and MGO:Mn**-Yb*" samples.

PL and persistent luminescence properties

Figure 2 shows the normalised PL and persistent luminescence
spectra of the MGO:Mn®"-Yb*" under and after 290-nm
excitation. The intensity in the range of 900-1040 nm is
enlarged tenfold. In the PL spectrum, a red luminescence band
peaking at 677 nm because of the Mn>*:*T,>°A, transition is
observed together with sharp lines near 1000 nm arising from
the Yb3+:2F5/292F7/2 transitions. The persistent luminescence
spectrum is mainly composed of the red luminescence band
due to Mn** and only very weak luminescence lines of Yb* can
be observed. Although we do not discuss this in detail in this
paper, this result indicates that the mechanisms of Yb**
luminescence in PL and persistent luminescence are
different”.

In the PL spectrum of MGO:Mn®"-Eu®*, the same Mn?
luminescence band was observed together with low-intensity
peaks due to Eu3+:5D097FJ transitions (see Figure S1).

Figure 3 shows the persistent luminescence decay curves
of the MGO:Mn*, MGO:Mn’*-Eu*, MGO:Mn*-Yb*, and

+

ZnGa,0,:Cr’*(2zGO:Cr’") phosphors after 5 min of UV
—PL MGO:Mn**-Yb*
--------- Persistent luminescence ~ 2.,=290 nm
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Fig.2 PL spectrum by 290 nm excitation (solid) and persistent luminescence
spectrum (dashed) 10 s after ceasing the excitation light of MGO:Mn**-
Yb*.

ARTICLE

irradiation. One hour after ceasing the UV excitation, the
radiance intensities of the MGO:Mn%*, MGO:Mn**-Eu®,
MGO:Mn?*-Yb®>" , and ZGO:Cr** samples were found to be
2.9x10%, 4.3x10°, 7.8x10° and 1.5x10° mW-srm?,
respectively. It was found that co-doping of both Eu* and Yb**
increases the persistent luminescence intensity. In particular,
that of MGO:Mn?*-Yb®* was approximately 27 times stronger
than that of MGO:Mn** and 5 times larger than that of
ZGO:Cr3+, which is currently the most promising candidate
persistent phosphor for in vivo imaging applicationss’ 2,
Enhancement of the persistent luminescence intensity by yb**
co-doping in the MgGeog,:Mn2+ phosphor, reported in 2003
was confirmed with quantitative values in radiance units.

To obtain information on the trap depth, TL glow curve
measurements were performed. The TL glow curves
monitoring the Mn?** red luminescence of MGO:Mn%,
MGO:Mn?*-Eu®’, and MGO:Mn*"-Yb*" samples are shown in
the upper figure of Figure 4. The spectrum of MGO:Mn**
contains several glow peaks at approximately 150, 400, and
450 K. The TL glow curves of MGO:Mn?*-Eu** and MGO:Mn*"-
Yb*" contain intense additional peaks at approximately 480
and 320 K, respectively. The peak temperature at 320 K of
MGO:Mn?*-Yb®" is regarded as the most useful glow
temperature for an excellent persistent phosphor. To estimate
the trap depth from the TL glow curves, the thermal quenching
properties were examined from the temperature dependence
of the integrated PL intensity of Mn?* transitions in MGO:Mn?*'-
Eu®* and MGO:Mn*"-Eu®* (see Figure. 4 lower graph). The PL
intensity first increased with temperature up to 300 K for
MGO:Mn*"-Eu®* and 400 K for MGO:Mn®*-Yb*, which is
probably due to the thermal release of a trapped electron
from the defects. Both MGO:Mn>*-Eu®" and MGO:Mn*"-Yb*"
samples showed quenching above 400 K. The TL glow peak at
480 K in the raw data of the MGO:Mn**-Eu® sample is affected
by thermal quenching. Thermal quenching curves were fitted
by using a single barrier quenching function?.

S gl — MGO:Mn*-Yb* ]
10 E

= —— MGO:Mn**-Eu™"
= — MGO:MR® ]

- - - ZGo:Cr”

'60 100

10
Time(min)

Fig.3 Persistent luminescence decay curves of MGO:Mn?*, MGO:Mn*"-Eu®*,
MGO:Mn?*-Yb* and ZGO:Cr** phosphors after 5 min of UV irradiation.
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Fig. 4 (upper) TL glow curves of MGO:Mn?**, MGO:Mn**-Eu®" and MGO:Mn*-Yb**
with heating rate of 10 K/min. A Xe lamp UV light source was used for storage for
10 min at 100 K. (bottom) Steady state temperature dependence of PL
integrated intensity in the range 550-900 nm (an+ luminescence band) of
MGO:Mn**-Eu®* and MGO:Mn?*-Yb®* samples by 290 nm excitation. Black line
represents fitted curves for MGO:Mn**-Eu® by Eq.1.

I(T) 1
Io 1+ I“OII"Vexp(—Eq /KT)

(1)

Here, I is the luminescence intensity, 7, is the radiative decay
rate, I is the attempt rate of the nonradiative process, E, is
the activation energy, k is the Boltzmann constant, and T is the

temperature. The fitted parameters are summarised in Table 2.

Three parameters, Tspq, Eq and I,/1,, were 486 K, ~1 eV, and
~10%° s'l, respectively, and these values estimated from the
two samples are in good agreement within the uncertainty.
Because the radiative decay rate (/,) of Mn®" in oxide
materials® is ~10° s‘l, I, is on the order of ~10"s?, which is a
similar magnitude to that of the maximum phonon frequency
in oxide compounds. By correcting TL glow curve, the TL peak
temperatures of 335 K and 502 K were obtained for
MGO:Mn*"-Eu®* and MGO:Mn?*-Yb®>* samples, respectively
(see Table 3).

Trap depths were estimated using the first-order kinetics
recombination model, which satisfies Eq.2.

trap Etrap

S =sexpl ——— (2)
KT KT

Here, B is the heating rate, E.q, is the trap depth, k is the
Boltzmann constant, T,, is the peak temperature of the TL glow
curve, and s is frequency factor’®. A value of 1 x 10" s™ was
used as a frequency factor, which is considered constant and is
on the order of the lattice vibration frequency3l. Estimated
trap depths (E,,) were 1.49 eV for MGO:Mn**-Eu*" and 0.99
eV for MGO:Mn**-Yb®* (as listed in Table 2). By adopting a

4| J. Name., 2012, 00, 1-3

thermal cleaning method for MGO:Mn**-Yb*" sample at 230 K,
we obtained a value of 0.83 eV, which represents the
shallowest trap depth of the peak (the initial rise plot for the
TLis shown in Figure. S4).

Figure 5 shows wavelength—temperature contour plots of
the wavelength-resolved TL measurement performed on (a)
MGO:Mn?*-Eu®* and (b) MGO:Mn?>*-Yb>*. In both samples, the
TL spectra mainly consist of the 680-nm red Mn**
luminescence band. In the case of MGO:Mn*-Yb*, a TL
emission of Yb*", peaking at approximately 980 nm, is also
2+_Eu3+

observed (see Figure S3, TL spectra for both samples at the TL

seen, while the Eu®" emission in MGO:Mn was not

glow maxima, horizontal cross-sections of Figure 5).

Construction of the energy level diagram of MgGeOs;:Ln

To obtain the energy difference between the divalent
lanthanide ground states and the band-edges of MgGeQOs3;, the
bandgap energy and the charge transfer (CT) energy of Eu*"
were determined. Figure 6 shows the diffuse reflectance
spectrum and the Tauc plot of the MGO sample. MGO has an
the absorption edge at approximately 220 nm. The optical
First, the
measured diffuse reflectance, R, was converted into a Kubelka-

bandgap energy was determined as follows.

Munk function, F(R)*? (Eq. 3), which is proportional to the
absorption coefficient K if the scattering coefficient S is
independent of wavelength.

P\

3)

As an approximation, the scattering coefficient S was
treated as a constant.

Then, the optical bandgap energy (E,) was determined
from a Tauc plot33 (Eq. 4) using the Kubelka-Munk function.

(hvF(R))? = A(hv — Eg) ()

Here, hv is the photon energy, and A is a constant. From
the Tauc plot, the bandgap energy at ambient temperature
was calculated to be 5.68 eV from the x-section of the tangent
to the curve, as shown in Figure 6 (inset).

Table 2. Quenching temperature (Tsp%), activation energy of quenching (Eg), ratio
of attempt rate, and radiative rate (//7;), from the luminescence quenching
curves.

Sample name Tson Eq (eV) I/,
MGO:Mn**-Eu* 486 0.93(3) 5(3) x 10°
MGO:Mn**-Yb** 486 1.05(9) 8(2) x 10%°

Table 3. TL peak temperature (T,), estimated trap depth (E,p), and the energy
gap between the bottom of the conduction band and the ground states of
divalent lanthanide (AE) in the MgGeO;s lattice.

Lanthanide T (K) Etrap (8V) AE (eV)
Eu 502 1.49 0.95
Yb 335 0.99 0.52

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 Contour plots of wavelength-resolved TL measurement performed on (a) MGO:Mn**-Eu®" and (b) MGO:Mn**-Yb>" following UV irradiation at 150
K at a heating rate at 10 K/min. Colour distribution explanation: The intensity is presented in false colours. The top right intensity for the highest

temperature is related to the blackbody radiation.

Figure 7 shows the PLE spectrum of MGO: Eu® monitoring
the Eu®": 5D097F2 transition at 621 nm. The PLE spectrum
shows a broad band peaking at 262 nm (4.73 eV) with several
4f°-4f° excitation lines in the range of 320—470 nm. The broad
band is attributed to the electron transfer from the top of the
VB to Eu®" with the ground state of Eu®* as its final state®’.
Based on these results, an energy level diagram that shows the
relative energy locations of the band-edge and the ground
states of divalent lanthanide ions was constructed, as shown in
Figure 8. The ground state energy of Eu®* was defined as the
zero of energy. The vertical axis then represents the Eu®'
referred electron binding energy (ERBE). From the CT energy
of Eu*" (E), the top of the VB is 4.73 eV below the ground
state of Eu®". According to Dorenbos theory, the 4f electron
ground state binding energies of the divalent lanthanides
follow a zigzag curve that remains practically unchanged
through all oxide materials®® % Figure 8 shows that only the
ground states for Eu®" and Yb*" lie below the bottom of the CB.
This implies that of the fourteen lanthanide ions only Eu®* and
Yb*" ions act as electron traps in the MgGeOj; host. Because
the optical bandgap energy of MgGeOs is 5.68 eV, the energy
gaps between the ground state of the Ln* (Eu and Yb) ions and

100 — . T T T

= IMGO
>
® 80 1400 7
8 1200
{8 60 o 1000 i
8 & 800}
= § 600
@ 40 = i
st ~ 400t
o E
2 20 mz |, 5.68 eV |
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200 250 300 350 40(
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Fig..6 Diffuse reflectance spectrum and Tauc plot of the MGO sample.

This journal is © The Royal Society of Chemistry 20xx

the bottom of the CB, AE were found to be 0.95 and 0.52 eV
from the simple subtraction of E¢cr from £, (see Figure 8).

Here, we should mention that the optical bandgap was
used for the construction of the energy level diagram. Based
on the Dorenbos model®, the mobility bandgap is estimated
from the energy of host exciton creation at a low temperature
(10 K). However, the exciton binding energy, estimated as 8 %
of the exciton creation energy, is required to reach the CB
bottom. From the PLE spectrum monitoring the Mn>*
luminescence at room temperature, a host-related band,
peaking at 210 nm, was observed in MGO:Mn** (Figure S2).
This would suggest that the mobility band edge is located near
6.4 eV at room temperature.

Persistent luminescence mechanism in MgGeO3:Mn2+-Ln3+ (Ln = Eu,
Yb)

The estimated values of E,,, and AE for MGO:Mn**-Eu’* are
larger than those for MGO:Mn**-Yb*". For both Eu and Yb, Eq,
is larger than AE (Table 3). Note that we have adopted the
optical bandgap for the estimation of AE. When a bandgap of
6.4 eV, which is estimated according to the Dorenbos model, is

. 3+

.t CT MGO: Eu
:'é' = Agy=621nm  +
5 | ]
ot

[
S [

=
-— -
| 4f-4f transitions

@ ,
gl T
E L

200 250 300 350 400 450 500

Wavelength (nm)

Fig.. 7 PLE spectrum of MGO:Eu® monitoring Eu® luminescence at 621
nm.
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adopted, AE(Ln) is in good agreement with E.qp(Ln). In either
case, the energy difference between AE(Eu) and AE(Yb) of 0.43
eV corresponds approximately to the AFE.,, (= Eyqp(Eu) —
Eirap(Yb)) of 0.50 eV. There are many reasons why the trapping
energy from the TL glow curve does not match well with that
from the energy level scheme based on the Dorenbos model.
In reports on the effect of Ln co-doping on ce* and Pt
activated YPO424' 25, there were systematic differences of
around 0.3-0.5 eV between the trap depth and the energy gap
between the bottom of the CB and the ground state of a
divalent lanthanide ion. They attributed such a difference to
systematic uncertainty in the lanthanide levels in the Dorenbos
diagram and to the different experimental approach between
the construction of the energy level diagram (optical process)
and estimation of the trap depth (thermally activated process)
21, 24, 25

From the agreement between E,, and AE, we conclude
that Eu®" and Yb*" are good electron trapping centres in the
MgGeOs:Mn*" phosphor noted as Ln**+e” >Ln®" (Ln*'—e). It
has been reported that persistent luminescence can be
observed after 250-nm (4.96 eV) excitation, which corresponds
to the CT band, Mn*>Mn**+e” ¥ **. The value of 4.96 eV is
much smaller than the optical bandgap energy, 5.68 eV.
Therefore, the persistent luminescence process in MGO:Mn?*-
Yb* is explained as follows. Under UV excitation at 250 nm,
Mn* is photoionised and the electrons are trapped by Yb** or
near Yb®" to form Yb*" (Yb*'+e). After the light excitation, the
trapped electrons are released from Yb (Yb3++e’) ions by
thermal stimulation, and they recombine with the hole centre
on Mn* producing the 680-nm red emission. In the case of
MGO:Mn2+—Eu3+, persistent luminescence occurs because of
non-Eu-related defects, which create the TL glow peak around
room temperature seen in Figure 4(a). Thermal stimulation at
room temperature is not sufficient to release the trapped
electron from Eu® (Eu3++e’), which provide a much deeper
trap than Yb*>*. In other words, an electron trapped at Eu is
stable at room temperature unless an athermal tunnelling
detrapping process plays a major role. This suggests that
MGO:Mn*"-Eu®*" might work as a storage phosphor.
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MgGeO_,,:MnZJ'-Eu3+ as a storage phosphor for further applications
in in-vivo imaging

NIR photo-stimulation of red-NIR persistent phosphors may
have added-value for in vivo imaging”’ 3637 By using a storage
phosphor, one may obtain the signal several days after its
injection into the body by means of NIR photo-stimulation.

To demonstrate the PSL output capacity, the following
experiment was carried out. First, the MGO:Mn*"-Yb*" and
MGO:Mn**-Eu*" polycrystalline samples were irradiated with
UV light from the Xe lamp for 5 min. Secondly, the
temperature of the samples was kept at 37 °C in a furnace for
11 days. This temperature is the body temperature of some
mammals, including humans. Finally, the red PSL signal was
detected by a photomultiplier under 5 min 977-nm LD
modulated square-wave photo-stimulation. These PSL reveal
the deep traps in the materials.

Figure 9 shows the PSL decay curves of the red Mn?*
luminescence in MGO:Mn?*-Yb®* and MGO:Mn**-Eu®*, which
were obtained by the procedure explained above. Both
MGO:Mn**- Yb** and MGO:Mn*"-Eu®" samples showed a PSL
signal during the first 5 min photostimulation pulse. For
MGO:Mn*"-Eu®’, the initial intensity of the PSL was
approximately five times stronger than that of MGO:Mn**-
Yb®*. The PSL of MGO:Mn**-Eu*" was detectable even after
four photostimulation events (20 min total), while that of
MGO:Mn**-Yb®" was almost quenched during the first 5 min.
Notice that the quenching speed of PSL depends on the LD
intensity35.

In the case of MGO:Mn*-Yb®*, the TL glow peak was
centred at 320 K with a tail extending at higher temperatures
(see Figure 4). When the sample was kept at 37 °C (310 K) for
11 days, most of the trapped electrons were released by the
thermally activated process. On the other hand, for
MGO:Mn**-Eu*", the main TL peak was centred at 502 K with a
higher thermal activation energy of 1.49 eV, and the electrons
trapped at Eu®* were maintained for 11 days. Thus, the PSL
signal of MGO:Mn”**-Eu®" can be recorded several days and
even more than one week after charging the material by UV
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Fig.. 9 Photostimulated luminescence decay curves of red Mn?*
luminescence in MGO:Mn?**-Eu® and MGO:Mn*-Yb>* (lower) under 5
min square-wave pulsed photostimulation with a 97- nm LD (upper).

This journal is © The Royal Society of Chemistry 20xx



irradiation. This is a desirable feature for in vivo imaging
applications. Indeed most cases of accumulation of optical
sensors to target tumours of other diseases, enhanced
permeability and retention (EPR) effect™ require accumulation
times exceeding several days. Here, we have demonstrated
that PSL can undergo trap release after significantly extended
periods post irradiation, and this could open the path to long-
term imaging. Further investigation of the PSL process and in-
detail measurement of the efficiency are required because the
fading of the signal due to athermal tunnelling or another
mechanism is possible.

Conclusions

The optical properties of Mn**-Ln®*" (Ln=Eu and Yb) co-doped
MgGeO; ceramics were investigated to reveal the effect of
trivalent lanthanide ions on the persistent luminescence
properties. Based on the constructed energy diagram, the
energy gaps (AE) between the bottom of the CB and the
ground state of divalent lanthanides were estimated to be 0.95
eV for Eu and 0.52 eV for Yb, respectively. The lanthanide (Eu
and Yb) co-doped MgGeO3:Mn2+ showed an additional TL peak
with trap depths, E., at 1.49 and 0.99 eV, which were
estimated from the TL results. It was suggested that Yb*" and
Eu® cations work well as an electron trap in the MgGeOj; host
and traps with Eu required more energy to realize in
comparison with those creates with Yb, in good agreement
with the stability of both divalent lanthanide cations.

MGO:Mn**-Yb®>" showed a five times larger persistent
luminescence intensity than that of ZGO:Cr3+, which is the
primary candidate persistent phosphor for in vivo imaging.
MGO:Mn**-Eu®’, which has a deeper trap than MGO:Mn**-
Yb3+, showed PSL signal even after 11 days after UV irradiation,
and, thus, may be a good probe with photostimulated
functions for long-term imaging. Consequently,
MgGeog:anJ'-Ln3+ (Eu and Yb) red persistent phosphors are
proven to be good candidates for in vivo imaging applications
as persistent, in the case of Yb, and a storage, in the case of Eu
cations, phosphors.

in-vivo
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Fig. S1 shows photoluminescence (PL) spectra of MGO:Mn**-Eu®" and MGO:Mn?*-Yb** under 290
nm excitation. The PL lines due to 4f-4f transitions of Ln**(Eu and Yb) ions were observed
approximately at 620 nm (Eu®") and at 980 nm (Yb*"). With increasing Yb concentration, The PL
intensity of Mn?* decreased and that of Yb*" increased.
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Fig. S1 PL spectra of MGO:Mn*-Eu®* (upper) and MGO:Mn®**-Yb** with different Yb

concentration (lower) under 290 nm excitation. PL lines due to 4f-4f transitions of Ln**(Eu and Yb)

ions were observed. With increasing Yb concentration, PL intensity of Mn?" decreased and that of

Yb** increased.
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Fig. S2 PLE spectra of MGO:Mn®** monitoring Mn®" luminescence, MGO:Mn**-Yb*" and

MGO:Yb** samples monitoring Yb** luminescence.

The PLE spectra of the MGO:Mn?*, MGO:Mn?*-Yb**, and MGO:Yb*" samples monitoring Mn?* or
Yb** luminescence are shown in Fig. S2. For all the spectra, host related PLE band was observed

at 210 nm, as well as the bands due to the charge transfer at 250 nm and 3d-3d transitions of Mn?*.
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Fig. S3 TL spectra for MGO:Mn?*-Eu** and MGO:Mn?*-Yb** samples at the TL glow maxima, 496
K for MGO:Mn?**-Eu** and 326 K for MGO:Mn?*-Yb*". (a horizontal cross section in Fig.5).

Fig.S3 shows the TL spectra for MGO:Mn?*-Eu** and MGO:Mn®*-Yb*" samples at the TL glow
maxima. Both samples show a luminescence band peaking at 677 nm due to the Mn*". For the
MGO:Mn**-Yb*" sample, weak Yb** luminescence approximately at 1000 nm is also observed. The

spectrum is similar to the persistent luminescence spectrum shown in Fig.2.
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Fig.S4 Initial rise plot of the TL glow curve of MGO:Mn?**-Yb** and corresponding fitted curve. TL
was recorded by thermal cleaning method with thermal cleaning temperature at 230 K.

Fig.S4 shows initial rise plot of the TL glow curve of MGO:Mn?*-Yb®" recorded by thermal cleaning

method. Trap depth was estimated by using a following equation.

Etrap J

I(T)ocs-exp{— T

Here, s is a frequency factor, Ey, represents trap depth, k is Boltzmann constant and T is
temperature. The estimated E,p was 0.83 eV. When the trap depth distribution obeys Gaussian, trap
depth created by Yb co-doping has an average value of 0.99 eV with 0.05-0.08 eV uncertainty.



