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ABSTRACT: ZnGa,0,:Cr’" presents near-infrared long-lasting Y Storage (o)
phosphorescence (LLP) suitable for in vivo bioimaging. It is a * 0

bright LLP material showing a main thermally stimulated Long-lastin o) Thermal
luminescence (TSL) peak around 318 K. The TSL peak can be @« o phospﬁoresceﬁce l release
excited virtually by all visible wavelengths from 1.8 eV (680 nm) Visible T .........  inZnGa,04Cr e,

via d—d excitation of Cr** to above ZnGa,0, band gap (4.5 eV— lightexcitation | .~ O+; O+

275 nm). The mechanism of LLP induced by visible light
excitation is entirely localized around Cry, ion that is a Cr** ion '» }

with an antisite defect as first cationic neighbor. The charging
process involves trapping of an electron—hole pair at antisite
defects of opposite charges, one of them being first cationic
neighbor to Cry,. We propose that the driving force for charge separation in the excited states of chromium is the local electric
field created by the neighboring pair of antisite defects. The cluster of defects formed by Cry, ion and the complementary antisite
defects is therefore able to store visible light. This unique property enables repeated excitation of LLP through living tissues in
ZnGa,0,:Cr’" biomarkers used for in vivo imaging. Upon excitation of ZnGa,0,:Cr’** above 3.1 eV, LLP efficiency is amplified
by band-assistance because of the position of Cr***T; (*F) state inside ZnGa,O, conduction band. Additional TSL peaks emitted
by all types of Cr** including defect-free Cry then appear at low temperature, showing that shallower trapping at defects located
far away from Cr®" occurs through band excitation.

NIR light emission

KEYWORDS: long-lasting phosphorescence, afterglow, persistent luminescence, spinel, ZnGa,0,, Cr*,
thermally stimulated luminescence, storage, near-infrared

Bl INTRODUCTION mechanism of LLP, and more generally of thermally stimulated
luminescence (TSL), is based on the generation of free
electrons and holes by UV, X-ray, or y-ray irradiation, namely
with a radiation energy that is larger than the band gap energy
of the compound.® Free carriers then get trapped by lattice
defects, impurities, or codopants in the material. Light emission
occurs by thermally assisted release of the carriers and

Persistent luminescence of materials, also known as long-lasting
phosphorescence (LLP), is based on the transient storage of
radiation in the form of trapped electrons and holes, followed
by the slow detrapping and radiative recombination of the
carriers. This gives rise to a visible-light emission lasting for
minutes or hours, suitable for many applications as night or

dark environment vision displays (emergency signs, toys, etc.).! recombination at luminescent centers, such as transition
When light emission occurs in the region of partial trans- metal ions,” or much more generally lanthanide cations.”™"°
parency of living tissues, that is, in the far red to near-infrared, LLP is a special case of TSL, wherein the trap depth is of the
LLP nanoparticles can be used for in vivo imaging of small order of 0.5 to 1 eV, allowing a progressive thermal release of
animals>> as well as active targeting of various cancerous cells in carriers at room temperature (RT) and therefore a continuous
vitro through specific ligand/receptor interaction.” As a major

asset of the technique, the particles can be excited ex vivo Received: September 12, 2013

before injection, which circumvents autofluorescence otherwise Revised:  November 27, 2013

observed when living tissues are also excited. Classical Published: November 27, 2013
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radiative recombination and emission of light. LLP for in vivo
imaging can be optimized by controlling the emitting center
(wavelength of the emission) and the nature of the trapping
defects (intensity and duration of the persistent lumines-
cence).u_13

Zinc gallate ZnGa,0, (ZGO) is an AB,O, compound with
spinel structure and Zn*" and Ga®" ions occupying tetrahedral
A and octahedral B sites, respectively (Figure 1). Although it is
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Figure 1. Cubic spinel structure of ZGO.

most widely considered as a normal spinel, it exhibits a slight
inversion character,'*'> wherein a few percent of Zn** and Ga**
occupy B and A sites, respectively. Such defects in the host
matrix are called antisite defects and are just a Zn ion at a Ga
site and a Ga ion at a Zn site (noted Zn;, and Gng, in Krdger—
Vink notation, respectively) in an ideal normal spinel structure
type. ZGO exhibits about 3% inversion, which means that ~3%
of Zn** occupy Ga sites, and correlatively the same amount of
Ga® occupy Zn sites.”” When doped with Cr** ions, ZGO
becomes a high brightness LLP material with an emission
spectrum perfectly matching the transparency window of living
tissues.'® It allows in vivo mouse imaging with a high signal to
background ratio.'"” ZnGa,0,:Cr’* (ZGO:Cr) constitutes a
second-generation LLP probe with enhanced properties for
bioima?ng relative to the first generation phosphate'®' or
silicate’" materials designed for LLP imaging and excited only
with X-ray or UV radiation. The most interesting characteristic
of ZGO:Cr lies in the fact that its LLP can be excited with
orange-red light, well below its band gap energy and in the
transparency window of living tissues."” Repetitive in vivo
excitation with orange-red light is therefore possible to trigger
again and again the LLP of injected particles. Thanks to this
distinctive property, ZGO:Cr nanoparticles could be observed
for tens of hours in living mice and allowed to assess the slow
accumulation of stealth ZGO:Cr nanoparticles in tumors."”
After the first report on LLP emitted by ZGO:Cr in the near-
infrared'® and its use for in vivo imaging,17 the interest in the
Cr-doped spinel family has recently further increased. Pan et
al’® and Allix et al"® reported an enhanced LLP efficiency for
germanium substituted ZnGa,0,:Cr, in possible relation to the
amount of antisite defects. Zhuang et al showed that ZGO:Cr
could also be improved by Bi codoping.”’ An intriguing
question therefore arises about the origin of such a bright
persistent luminescence in this family of materials. In this paper,
we investigated the role of the antisite defects both in the
neighborhood of and far away from Cr’* doping ions in the
TSL process over a wide temperature range (10—600 K). The
cubic spinel structure is presented in Figure 1. By considering
Cr** occupying gallium site, for example, the central position in
Figure 1, we find that statistical defects may occur at various
distances: zinc in the gallium site (Zng,) at short distances
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(0295 nm) and gallium in the zinc site (Gag,) at longer
distances (0.346 and 0.541 nm). We show that the charging
step of the LLP does not involve any valence state modification
of Cr’" during excitation/storage steps, indicating that both
electron and hole are trapped at other lattice defects. For
excitation above ~3.1 eV, electron and hole migrate via host
bands, and traps distributed all over the material are filled
during storage. For excitation below ~3.1 eV, including
excitation by orange-red light, trapping defects are localized
in the close vicinity of Cr’* ions. The mechanism proposed
here implies that visible light is stored as excited metastable
states of specific clusters formed by Cr** doping ion and a pair
of neighboring antisite defects.

B EXPERIMENTAL METHODS

Materials preparation. ZGO:Cr powder was synthesized by the
solid-state method. Appropriate quantities of ZnO (Sigma Aldrich
99.99% pure), Ga,O; (Sigma Aldrich 99.99% pure), and CrO; (SRL
99% pure) were mixed and carefully ground in an agate mortar with
propan-2-ol. A pellet was prepared from the powder mixture and fired
in air at 1300 °C. The compound was prepared with a Cr content of
0.5 at % relative to Ga. A nominal 1% Zn deficiency relative to
stoichiometry was introduced in the reactants ratio (Zn/(Ga+Cr) =
0.495) as this was shown to improve LLP of ZGO:Cr powders
prepared by the solid-state route.'® However, it is stressed that the 1%
Zn deficiency is only at the initial sample preparation stage. ZnO and
Ga,O; partially evaporate during high-temperature annealing. In our
samples, an initial ~1% Zn deficiency gives the best crystalline order in
the final material compared to samples synthesized with stoichiometric
starting compounds, when monitored through optical and electron
paramagnetic resonance (EPR) spectroscopy techniques (not reported
in this article). EPR lines are very narrow in this case, pointing to a
minimal strain broadening. We infer that this small Zn deficiency
provides best compensation for the parallel evaporation of ZnO and
Ga, 03, achieving the longest range order. X-ray diffraction assessed a
Fd3m(0}) cubic phase free from any impurity.

Characterization Methods. Photoluminescence (PL) measure-
ments were performed at RT wusing a Varian Cary Eclipse
spectrofluorimeter with a Xenon lamp as excitation source.

LLP measurements were carried out on 0.2 g of powder samples
stacked into 1 cm-diameter sample-holder. The sample was first
excited for 15 min with a monochromatic excitation provided by the
third harmonic of a YAG:Nd pulsed laser pumped by an optical
parametric oscillator (OPO). Its luminescence was detected via an
optical fiber using a Scientific Pixis 100 CCD camera cooled at —65 °C
coupled with an Acton SpectraPro 2150i spectrophotometer for
spectral analysis.

TSL measurements were performed with two different setups. In
the first one, a fiber-coupled grating monochromator in combination
with a Xenon arc lamp allowed the monochromatic excitation of the
sample at RT. A Riso-Thermoluminescence reader (TL/OSL-DA-15)
collected TSL glow curves via a red light sensitive photomultiplier tube
with an optical filter (LOT-ORIEL 700FS380) in front of it at a
heating rate of 5 K/s. The setup was fully automated and software
controlled to allow successive recording of multiple glow curves and
construction of TSL excitation spectrum. Fifty TSL glow curves were
recorded successively at RT with excitation wavelength varying from
200 to 710 nm, every 10 nm, starting with a 10 s excitation period of
the sample.”” In the second setup, the sample prepared as a thin
pressed pellet and silver glued on the coldfinger of a cryostat was
excited at 10 K across the cryostat quartz window. The excitation was
carried out with monochromatic excitation produced by the third
harmonic of a YAG:Nd pulsed laser pumped by an OPO. TSL was
detected via an optical fiber using a Scientific Pixis 100 CCD camera
cooled at —65 °C coupled with an Acton SpectraPro 2150i
spectrometer for spectral analysis while a heating rate of 10 K/min
was applied. TSL glow curves were drawn by plotting the integrated
luminescence intensity over 640—760 nm.
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Transmission measurements were performed with a Varian Cary
UV—vis-NIR-spectrophotometer 6000i model. The powder sample
was mixed with KBr powder in a 9:1 ratio and an 1 cm diameter pellet
was prepared. A separate pellet of pure KBr was used for baseline
correction. The two pellets were placed into a cryostat equipped with
two transparent windows.

Continuous wave EPR spectra were recorded at 10K on a Bruker
ELEXSYS ES00 spectrometer working at X-band (9.445 GHz). The
microwave power was 0.2 mW and the modulation depth was 1 mT at
100 kHz. During EPR experiment, the sample was excited in situ in the
EPR cavity with the infrared filtered radiation of a UV lamp (200—900
nm) from Ushio UXL306—500 W.

B RESULTS AND DISCUSSION

In a ZnGa,O, host, Cr** ion readily substitutes Ga>* in its
slightly trigonally distorted octahedral site.”* The first evidence
of the central role of one special type of Cr** ions in the LLP
process is highlighted by the comparison of PL and LLP
spectra. Three PL spectra of ZGO: Cr recorded at RT are
shown in Figure 2a for different excitation wavelength.
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Figure 2. (a) Normalized PL spectra of ZGO:Cr and LLP emission
spectrum at RT, 10 s after the end of a 290 nm excitation; (b) LLP
decays measured after a 15 min laser excitation at 550 nm (11 mJ) and
290 nm (3 m]).

They show the ’E (*G) — *A, (*F) transition of Cr** (d°
ion) in an octahedral crystal field. The zero phonon R lines,
observed at 688 nm, correspond to Cr’* in unperturbed
octahedral sites, whereas an N2 line, at 695 nm, is ascribed to
Cr* ions with a neighboring antisite defect.”* >® The two
expected components of the R line, Rl and R2, cannot be
distinguished at RT because of poor instrument resolution. The
R lines are accompanied by their Stokes (S) and anti-Stokes
(AS) phonon side bands (PSB) peaking at 708 and 715 nm on
the one hand (S) and 663, 670, and 680 nm on the other (AS).
PSB of N2 lines also exist in the 650—750 nm range but present
broader and less intense features than PSB of R lines.”” The
corresponding PL excitation spectrum of Cr** emission is
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shown in Figure 3 as black line. The O*~ (2p) to Ga*', Zn**
(4s, 4p) charge transfer band responsible for band gap
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Figure 3. PL excitation spectrum recording emission at 695 nm (black
line) compared to TSL excitation spectrum (red open circles). Insert:
TSL glow curve of ZGO:Cr after 10 s excitation at RT with 300 nm
wavelength of Xenon lamp.

absorption of ZnGa,0, is observed at around 4,5 eV.***

Three d—d absorption bands of Cr’* are observed at 2.23 eV
(*A, (*F) = *T, (*F)), 295 eV (*A, (*F) — *T, (*F)), and
around 4.77 eV (*A, (*F) — *T, (*P)), as expected from a
Tanabe Sugano diagram for a d* ion in an octahedral crystal
field.* It is difficult to distinguish between Cr***A, (‘F) — *T,
(*P) band and 4.5 eV charge transfer band, as they overlap with
each other.

All these bands are not single bands and double humps can
be distinguished, particularly in the *A, (*F) — *T, (*F) and
*A, (*F) = *T, (*F) transitions. This is mainly due to the
trigonal distortion present at Ga®" site, but also to the
superimposition of the excitation spectra from several types
of Cr** ions, among which are Cry and Cry,, responsible for the
R and N2 zero phonon lines, respectively. It is not easy to
measure distinct excitation spectra for Cry and Cry, emission
because the difference in crystal field is small and energy
transfer occurs in a large extent between the two types of
chromium ions. The reader is referred to Derkosch et al.”*
where at 75 K, the *A, (“F) — *T, (*F) excitation band for the
N2 emission was shown to widen by 20 nm at the long
wavelength side relative to the excitation of the R emission.
Here, in Figure 2, the most noticeable difference in the N2/R
emission ratio is observed at RT when exciting in the *A, (*F)
— *T, (*P) transition on the one hand (excitation at 230 or
290 nm), and in the *A, (*F) — *T, (*F) band on the other
hand (excitation at 550 nm). The N2/R ratio is clearly higher
for 230 or 290 nm excitation (*A, (*F) — *T; (*P)) than for
550 nm (*A, (*F) — *T, (*F)). This can be explained by
different selection rules for the two types of Cr** ions for ‘F —
*P and *F — *F transitions. *F — *P appears more favorable to
N2 than *F — *F. The *F — *F transition (one-electron
transition) is normally stronger than a *F — *P transition (two-
electron transition). However the distortion of Cry, site
increases the mixing of opposite parity orbitals, therefore
relaxing the selection rules and leading to a more intense N2
emission in comparison to R. As a consequence, the ratio of
excited Cry, over Cry ions is more important when the sample
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is excited at wavelengths shorter than 340 nm (340 nm is the
border wavelength between “F — *F and *F — *P transitions in
PL spectrum of Figure 3) than in the visible range. Figure 2a
also shows the LLP emission spectrum obtained a few seconds
after the end of a 15 min excitation at 290 nm. As was
previously shown in TSL spectra obtained after X-ray
excitation,16 the LLP emission spectrum after UV excitation
is also largely dominated by the emission from Cry, showing
that this type of Cr’* ion plays a specific role in the LLP
process.

Persistent luminescence in ZGO:Cr is of high interest for in
vivo optical imaging. Excitation of ZGO:Cr in the form of
nanoparticles with UV light before their injection to a small
animal triggers a LLP signal observable across the animal tissues
for a couple of hours'” (similarly to the LLP decay after 290 nm
excitation shown in Figure 2b). Furthermore, a subsequent
excitation with red light across the animal tissues after their
injection enables the excitation of the LLP decay (similarly to
the LLP decay after S50 nm excitation shown in Figure 2b).
The LLP of the probes inside the animal can therefore be
excited many times over a very long period (several days). This
is an essential property of the material that enables to follow in
vivo, the slow accumulation of LLP nanoparticles in tumors.'”

This persistent luminescence is best investigated by TSL. A
TSL glow curve of ZGO:Cr was recorded with the first setup
described in the experimental part, after the sample had been
illuminated at RT with the 300 nm wavelength (4.13 eV) of a
Xenon lamp, corresponding to the *A, — T,(*P) transition of
Cr**. As shown in the insert of Figure 3, it is composed of a
broad peak with a maximum at 365 K, responsible for the LLP
phenomenon observed at RT. In order to identify the
absorption bands giving rise to LLP, a series of 50 similar
glow curves were successively recorded by varying the
monochromatic excitation wavelength every 10 nm from 200
to 710 nm. The total area of each glow curve was reported as
the TSL excitation intensity in Figure 3 (red open circles). PL
and TSL excitation spectra are drawn in the same figure for
comparison. The TSL excitation spectrum can be divided into
five wavelength ranges indicated in the bottom of Figure 3.
Over range 1, the *A, — *T, (*F) and the *A, — *T, (*F)
transitions of Cr’* are observed. Range 2 still corresponds to
the *A, — *T, (*F) transition of Cr’* but the TSL intensity
starts to rise steeply in this range. Finally ranges 3 to 5 present
much stronger TSL and are separated by inflection points
observed on both TSL and PL excitation spectra. Range 3
belongs to the ‘A, — *T| (*P) transition of Cr’*. Range 4 may
correspond to O*” — Ga**,Zn** excitation (band-to-band
transition) as it is exactly overlapping with the ZGO bandgap
and the TSL output is maximum in this region exhibiting
traditional TSL mechanism. Range 5 corresponds to excitation
to energy greater than the bandgap energy and is better
observed in PL. As such transitions occur for Cr** complexes in
solution, for example [Cr(H,0)4]*", it is likely due to ligand-to-
metal charge transfer transitions (LMCT). This excitation
spectrum of the 365K TSL peak shows that LLP can not only
be triggered in the Cr** UV absorption band of ZGO: Cr, but
also in both its visible absorption bands above 400 nm. In this
case, the resulting TSL signal after visible excitation is rather
weak when compared to the one recorded following UV
excitation and therefore requires a significant magnification
(650%) of the corresponding spectrum in order to be clearly
distinguished.
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A specific role of Cry, was already pointed out in Figure 2:
Cry; is the main LLP emitter, i.e., the final center of the LLP
mechanism. The role of Cry, in the charging step of the
process, i.e, when charges are separated and trapped, can be
evidenced by considering the TSL excitation spectrum of
Figure 3. The red shift of the d-d excitation bands for TSL
relative to the excitation bands for PL demonstrates that LLP is
more efficiently triggered by the direct excitation of Cry, than
by nondistinct excitation of all Cr** ions.

The steep rise of TSL intensity in range 2, corresponding to
the short wavelength part of the *A, — *T| (*F) transition, is
explained by the assistance of ZGO band states in the
production and trapping of carriers. This is accounted for by
setting the *T; (*F) excited state of Cr’" partly degenerated
with band states (that is an electron in the bottom of the CB
and a hole in the top of the VB) as shown in Figure 4. The
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Figure 4. Energy level diagram of Cry, ion in ZGO:Cr, in a
configuration coordinate representation. The blue area corresponds to
host band excitation (free e”—h" states). Black potentials represent
Cr** states. Red potentials represent Cry, centers, ie, Cr’* with
electron—hole pairs trapped at neighboring antisite defects. The blue
level represents pairs of antisite defects at long distances from Cr’** ion.
Excitations are represented by vertical black arrows. Electron—hole
trapping and release are represented by dotted green arrows when
exciting below 3.1 eV (path 1) and by red dotted arrows when exciting
above 3.1 eV (path 2). The interrupted black arrows represent an
indirect excitation from filled deep traps.

position of all Cr** energy levels is deduced from the position
of *T; (*F) (black curves in Figure 4). The figure shows *A,, *E,
*T, energy levels (range 1) and *“T, energy level (ranges 1 and
2) of Cryj, in a configuration coordinate diagram. The ground
state of Cr** can thus be located ~3.1 eV below the band states
where charges are delocalized. The Cr’" states reached when
exciting at higher energy (above 3.1 €V, below 400 nm), i.e., in
ranges 3, 4, and S, are then fully degenerated with free
electron—hole states and band assistance controls TSL/LLP in
this case. This induces an increased probability for charge
separation and carriers trapping and therefore a very intense
TSL signal. Finally, band-to-band excitation (range 4) is almost
as efficient as band-assisted Cr’* excitations. This is again
consistent with Cr** ions as the main actors in both the
excitation and the emission steps of the LLP process.

The mechanism of TSL/LLP was studied in more detail with
the second TSL setup. Figure Sa shows a TSL glow curve of
ZGO:Cr excited at 10 K with 290 nm light (range 3 in Figure
3). It shows a main peak at 318K responsible for LLP emitted
at RT. This is the same glow peak as observed with the first
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Figure 5. (a) TSL glow curve and (b) TSL spectra at varying
temperatures of ZGO:Cr after 30 min excitation at 10 K with 290 nm
laser.

TSL setup (inset of Figure 3), but shifted to lower temperature
due to a slower heating rate. Additional low-temperature peaks
are now also observed around 80, 145, and 205 K. The trap
depth energies E, (st = shallow traps) corresponding to the
main low-temperature peaks at Ty; & 145 and 205 K can be
roughly estimated to be E; = 0.3 and 0.4 eV, respectively, by
using the expression E & 25k Ty.>" The main TSL peak at Ty
~ 320 K has been studied in more detail using the first setup
and applying two thermal cleaning methods (see the
Supporting Information). The study showed that this peak is
not unique and corresponds to a distribution of trap depth
energies Ey (dt = deep traps) in the range Eg; , & 0.7 €V to
Egomax & 0.9 V.

For each point of the TSL glow curve shown in Figure Sa,
the emission spectra were recorded by a CCD camera. Selected
spectra at temperatures indicated by arrows in Figure Sa are
gathered in Figure Sb. Cr’* emission spectrum changes with
temperature. As expected, AS-PSB grow with temperature.
What is more interesting, the N2/R ratio of zero phonon line
emissions increases with temperature. At low temperature (70
K), R lines are almost as intense as N2 and are accompanied by
their intense PSB at 703 and 709 nm. As temperature increases,
the contribution of N2 then becomes more and more
important. In the highest temperature and main TSL peak in
particular (318 K), the contribution of N2 is largely dominant.
This is consistent with what was observed in Figure 2b, where
the LLP spectrum was dominated by N2 line emission.
Although trapping and detrapping giving rise to LLP at RT and
corresponding to the TSL peak at 318 K (deep trapping) are
focused on Cry,, it is interesting to observe that the release of
charges from shallow traps (responsible for the low-temper-
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ature TSL peaks) induces luminescence from both Cry and
Cryp-

Additional TSL glow curves were recorded by varying the
excitation wavelength provided by a laser. The glow curves
normalized to the main peak intensity are presented in Figure
6. The excitation wavelengths were selected along the TSL

3.1 eV =400 nm
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Figure 6. Normalized TSL glow curves of ZGO:Cr after S min
excitation at 10 K with various laser wavelength excitations. Insert:
Variation with the excitation energy of the TSL intensity at 145 K (T,)
and of the temperature of the main TSL peak maximum (T, )-

excitation range presented in Figure 3. First a TSL glow curve
similar to the one shown in Figure 5a can be recorded even
when the Cr** ions are excited with 680 nm (1.8 eV) visible
light, corresponding to the low energy tail of the ‘A, = *T, and
the spin forbidden *A, — °E transitions. The TSL intensity is
weak but it is still clearly observable. This gives another
indication that the mechanism of charge trapping/detrapping is
localized in the close vicinity of Cr** ions, as *T, and 2E are well
below the CB edge.

With 680 nm excitation, the low-temperature TSL peaks
(below 250 K) are almost not observed anymore. With *A, —
*T, excitation (550 and 610 nm excitations), these peaks
become observable but present a weak intensity. As excitation
wavelength shortens, the intensity of these low-temperature
peaks grows up relative to the main peak, with a maximum
relative intensity for 230 nm (5.4 eV) excitation. Moreover,
varying the excitation wavelength induces a shift in the position
of the main peak maximum. The inset of Figure 6 shows on the
one hand the variation in the peak intensity at 145 K (noted
I 45) as a function of the excitation energy (right scale) and on
the other hand the glow curve temperature maximum (noted
Toa) 2 a function of the excitation energy (left scale). For all
excitations below 400 nm (above 3.1 eV), the peak maximum is
observed around 318 K, whereas excitations above 400 nm lead
to a maximum shifted around 333 K. Applying a thermal
cleaning procedure to this main peak showed that the latter was
not a single peak but was made of a continuous distribution of
peaks (see the Supporting Information). Therefore, the shift in
peak maximum observed is explained by the presence of several
traps at slightly varying trap depths, more or less involved
depending on the excitation energy. Below 400 nm excitation
(above 3.1 eV), the shallowest traps of the distribution are
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filled, which shifts the peak to lower temperature, while
excitation above 3.1 eV leads to the filling of the deepest traps
and shifts the peak to higher temperature. This excitation-
dependent variation of trap depths agrees well with the
distribution of trap depth energies E4 measured by thermal
cleaning.

Therefore, we observe two distinct behaviors upon increasing
the excitation wavelength. The low-temperature TSL peaks on
the one hand show an intensity that decreases with lower
excitation energy, while the main broad TSL peak on the other
hand exhibits a shift of the temperature maximum toward high
temperature. These two behaviors show a monotonous trend
but also an abrupt change across the border value of ~3.1 eV
(see inset of Figure 6). This indicates again a change of regime
in the TSL process at the photon energy threshold of 3.1 eV.

All these results indicate that the LLP mechanism is localized
around Cr’* ions for low photon energy excitation (down to
680 nm), corresponding mainly to the ‘A, — *T, transition
(range 1 in Figure 3). We may then consider that shorter
wavelength (higher energy) excitation allows a charge
separation over longer distance and/or at longer distances
from Cr’* centers. This is illustrated in Figure 4 by the presence
of trapping levels at various distances from Cr’* centers (red
levels) that can be filled after excitation in any of the Cr**
excited states. The farthest traps being the shallowest, the TSL
peak tends to shift to lower temperature when shorter
excitation wavelength is used.

The shallow traps corresponding to low-temperature TSL
peaks (145 and 200 K) present a different behavior. They are
easily filled with excitation above 3.1 eV but very less efliciently
filled for excitation below 3.1 eV. Further, those peaks show as
intense Cry emission as Cry,, which means that all Cr** ions
are involved in this case (Figure S). As these shallow traps are
filled through band-assisted excitation, they may be located
below the bottom of the CB and above the top of the VB, and
at long distances from Cr** ions. These shallow electron—hole
traps are represented as a blue level in Figure 4. This model
agrees with the results of Figure 7 that show TSL glow curves
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Figure 7. TSL glow curves of ZGO:Cr with varying excitation times at
10 K with (a) 550 and (b) 290 nm laser excitation.

recorded for various excitation times at two different wave-
lengths below and above 400 nm (3.1 eV). By increasing the
550 nm excitation time (in the *T, state) from 5 to 30 min, the
main TSL peak intensity doubles, while the low-temperature
peaks remain very weak. With increasing excitation time at 290
nm, both low-temperature and main peaks increase by the same
amount. Prolonged 550 nm excitation is therefore very
inefficient to reach and fill the shallow traps (blue level in
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Figure 4). On the contrary, prolonging 290 nm excitation
increases the probability of both deep trapping in the vicinity of
Cr** centers and shallow trapping farther away. However the
fact that TSL peaks at low temperatures are observed, even
though with a very weak intensity, for excitation below 3.1 eV
(mainly in the *T, state, see Figure 6) show that these shallow
traps can still be reached with weak efficiency. This is therefore
explained by a second excitation from the filled deep traps (red
levels in Figure 4), as represented by the interrupted black
arrow.

Let us now consider again the results shown by spectra in
Figure Sb, where Cry ions showed most intense emission in
low-temperature TSL peaks (shallow trapping far from Cr**
ions), whereas Cry, ions showed most intense emission in
high-temperature TSL peak (deeper traps close to Cr** ions).
This is fully consistent with the definition of Cry;, and Cry ions,
as Cry; ions occupy sites distorted by an antisite defect as first
cationic neighbor, and possibly with more defects clustered
around, whereas Cry ions do not have any distortion in their
first cationic sphere.

The last point to be addressed is the nature of the carriers
produced by excitation of Cr’* ions (electrons, holes, or both).
Although the LLP mechanism would be classically interpreted
as an electron escaping from Cr’* to a positively charged defect,
we have strong experimental evidence against any change in the
charge state of Cr*" in ZGO:Cr between storage and emission
steps. Transmission spectra of ZGO:Cr shown in Figure 8a
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Figure 8. (a) Effect of a 30 min long UV irradiation on the optical
transmission spectrum of ZGO:Cr at 10 K. Insert: transmission spectra
at various temperatures after the prolonged UV irradiation. (b) Effect
of a prolonged UV irradiation on the EPR spectrum of ZGO:Cr at
10K. Insert: EPR intensity at 174.1 mT in the dark and during UV
illumination.

display the expected d—d absorption bands of Cr** at 555, 420,
and 260 nm as well as the band gap transition at 255 nm. The
main graph shows that the spectrum at 10K remains exactly
identical before and after a 30 min long intense UV
illumination although such a strong illumination provokes an
intense LLP in ZGO:Cr."® Further no drastic change occurred
when temperature was raised up to RT (see inset of Figure 8a).
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A conversion of Cr'* into Cr*" (or Cr’*) during UV
illumination would have induced a decrease in Cr** absorption
bands as well as the appearance of Cr*" (or Cr**) signature.
Therefore, no evidence of electron or hole release from Cr*
was shown here. This result is further confirmed by EPR.
Figure 8b shows the low magnetic field component of ZGO:Cr
EPR spectrum recorded at 10 K. The black baseline
corresponds to the EPR spectrum of undoped ZGO while
black open circles represent the spectrum of Cr’* in the doped
compound. As will be described in more detail in a separate
paper, this EPR line corresponds to a transition between
effective M, = +1/2 states in the A, ground state of Cr’" ions
with C; crystal field axis perpendicular to the magnetic field. By
in situ irradiating the sample with UV (inside the EPR cavity)
we observed that the EPR spectrum under UV (red line) is
perfectly superimposed to the one in the dark (black open
circles). This indicates that all chromium ions remain in the
Cr*" state during irradiation. This is confirmed by monitoring
the EPR intensity at 1741 mT (maximum of the EPR
amplitude) in the dark and then during UV illumination (black
and red traces in the insert of Figure 8b). As this field setting
corresponds to the sensitivity maximum, the fact that the EPR
intensity is constant indicates that chromium remains in the
Cr** state during UV irradiation, in agreement with optical
absorption experiment. We therefore conclude that the carriers
released during excitation in the LLP/TSL process are
electron—hole pairs instead of individual electrons or holes.

B LLP MECHANISM

LLP has a long story starting with the famous Bologna stone in
the beginning of the 17th century.*>** However all proposed
mechanisms for LLP remained largely speculative prior to the
discovery of the bright LLP of Eu>*~R* codoped aluminate
materials (R3+ = rare earth).“’35 Important progress in
understanding mechanisms was made possible by locating the
energy levels of dopants and codopants with respect to host
bands.>® Based on this, a mechanism was proposed whereby
Eu™" is excited and liberates an electron in the conduction band
(giving Eu**) and then trapped at R** site. This model allowed
the design and control of persistent luminescence in several
materials by predicting the energy levels of a system (band gap,
luminescent center, codopant).”””** However, despite inter-
esting predictive character brought by this model, experimental
evidence often shows that mechanisms are more complex than
expected and depend on the material considered. For example,
X-ray absorption spectroscopy of Eu**-Dy** aluminate showed
no evidence of direct electron trapping by R** ion, and the
electron release from Eu*" seems to involve only a limited
fraction of Eu®* ions.* Here, experimental results on ZGO:Cr
showed that LLP induced by direct excitation of Cr** involves
no change of its valence state, ie, the metal jon does not
liberate an electron (leading to Cr**) or a hole (leading to
Cr**). Moreover the fact that LLP can be excited by orange-red
light questions the usually compulsory participation of host
bands to LLP. The present work shows several indications that
the LLP mechanism in ZGO:Cr involves release and trapping
of neutral electron—hole pairs and that this mechanism is
localized in the vicinity of Cry, ions.

We propose in the following a mechanism based on the
existence of a cationic disorder in spinels'*'> as described by
reaction 1 using the Kroger—Vink notation:

Zny, + Gag, — Zng, + Gay,

(1)

1371

where Zn}, indicates a Zn ion in its site, and Zn¢, a Zn ion in a
gallium site (antisite defect). Neutral, positive, and negative
charges are represented by cross, dot, and dash superscripts,
respectively. When one of the two possible antisite defects is in
first cationic position to Cr**, a Cry, ion responsible for the N2
emission dominating LLP is formed while the opposite charge
defect can lie at various distances away. Such a defect cluster is
schematized in Figure 9.

- @0 lkT
A\ T ) c)
Visible | @) oen e .
light O+.-"' OH"
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(@

light emission

Figure 9. Proposed mechanism of LLP in ZGO:Cr induced by
excitation below 3.1 €V. Cry, is represented by its states (*T,, *A,, or
’E). Blue and yellow spheres represent the two opposite charge antisite
defects. Steps: (a) optical excitation; (b) charge separation and carriers
trapping by neighboring antisite defects of opposite charges; (c)
thermal release of e™—h" pairs and trapping by Cr**; (d) emission.

Let us first consider the mechanism occurring with excitation
at energy lower than 3.1 eV. The basic idea is that each pair of
opposite charge defects creates a local electric field at Cr*,
which provides the driving force for charge separation. If we
consider the *A,—*T, chromium excitation, this corresponds to
monoelectronic (t,,)*—(t,,)*(e,)" transition. This means that in
the excited state, an electron lies in the e, orbital and a hole in
ty, orbitals. The *T, state thus corresponds to a pair of an
electron in e, and a hole in t,,. Each pair of antisite defects close
to a Cr** ion (Cry,) acts as a trap for this electron—hole pair
according to the reaction 2

(e_—h+) + Zn/Ga + Gay, — Znéa + Gaén (2)

The mechanism is illustrated in Figures 4 and 9. The first step
is the excitation of Cry, for instance in the *T, state by optical
illumination at 550 nm (step a in Figure 9 and eq 3 below).
The excitation, initially localized at Cryp,, is then dissociated by
the local electric field into an electron and a hole that get
trapped at Gaz, and Zng, neighboring defects, respectively,
according to reaction 2 (path 1 in Figure 4 and step b in Figure
9). The excitation is trapped in the vicinity of chromium in the
form of a pair of neutral defects Gaj, and Zn§, while Cr’*
returns to its *A, ground state (step b in figure 9 and eq 4
below). The electron (hole) trapping by Gag, (Zng,) is thus
strictly equivalent to an optically induced donor—acceptor (D—
A) transfer from Zng, (D) to Gay, (A). As the spin state S = 3/
2 of Cry;, is conserved during irradiation and trapping, the total
spin of the Gaz,—Zng, pair is S = 0, corresponding to spin
paired electron—hole pair. By considering an elementary Cry,
ion as a defect cluster written [Cr**(*A,),Gag,-Zng,Jny, the
mechanism for persistent luminescence can be represented by
reactions 3 to 5, for instance in the case of a *A, — *T, initial
excitation
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[Cr*('A,), Gag,—ZnG,]x

hv o !
— [CrH(*T,), Ga),—Zn} ]\,

(©)

[CI‘3+(4T2), Ga%n_zn/Ga]NZ

- [Cr’*("A,), Ga),—Zn%, Iy

(4)

It is important to note that the local electric field responsible
for charge separation in the excited state of Cry, vanishes after
reaction 4, as antisite defects become neutral after electron—
hole trapping. The reverse reaction (electron—hole release and
capture by Cr’*) is thermally activated, with the activation
energy Ey (deep trap) responsible for the main TSL peak
around 318 K, according to the following reaction (steps c and
d in Figure 9 and eq S below):

[CI’3+(41A2), Ga;n_znéa]NZ
kT
- [CI’3+(4T2), Ga%n_zn,Ga]NZ
- [Cr**(°E), Gay,—Zng, Iy

- [Cr**("A,), Gay,—Zng, ], + hv (5)

The observed distribution of temperature in TSL is due to a
distribution of energies for the deep traps along the
configuration coordinate (red curves in Figure 4), correspond-
ing to a distribution of distances (and therefore of electric
fields) between the two complementary antisite defects around
Cryp-

By exciting above 3.1 eV, the Cr’* excited states are
degenerated with free e"—h"* states (see Figure 4). This
ensures an easier charge separation (path 2 in Figure 4), and
the possibility for carriers to migrate over longer distances from
the metal jon and to fill in shallow traps responsible for low-
temperature TSL peaks (80, 145, and 205 K) with activation
energy Egp (blue level in Figure 4). This shallow trapping
corresponds to reaction 2 and path 2 in Figure 4 (red dotted
arrows). In this high photon energy regime, the fact that host
bands are involved implies that the mechanism is then not
necessarily localized around Cr**. This explains why both Cry
and Cry;, contribute to the low-temperature TSL peaks.

B CONCLUSION

ZnGa,0,:Cr** spinel materials were recently shown to present
exceptional persistent luminescence properties. They were
reported as very efficient LLP compounds''®*° and
particularly attracted attention by the possibility to activate
their LLP by using a wide range of UV—visible excitation. This
gave rise to exciting applications like sunlight-activated taggants
in night-vision surveillance*® or red-activated probes for small
animal bioimaging,'” with an emission properly located in the
near-infrared part of the spectrum. In the present paper, we
investigated the mechanism of this LLP, activated by virtually
all wavelengths of the visible range. We took advantage of Cr**
that constitutes, by substituting Ga®" in the spinel structure, a
very fine optical and paramagnetic probe of its local
environment. We could therefore demonstrate that LLP
occurred via the excitation of a specific type of Cr’* ions,
namely Cryp,, having an antisite defect as first cationic neighbor.
Exciting ZGO:Cr in any of the absorption bands of Cry, all
over the visible range (down to 1.82 eV, 680 nm) therefore
triggers LLP. An efficiency amplification by band assistance,
however, was clearly shown to exist above the threshold value
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of 3.1 eV (400 nm) because of the position of Cr** states
relative to free e”—h" states. However, the same TSL peak at
318 K, responsible for LLP at RT, was observed for both above
and below 3.1 eV excitation. LLP can therefore take place at
low photon energy without any participation of the host bands
following a mechanism entirely localized around Cry,. The
essential features of the proposed mechanism are the following:
(i) the excitation and trapping steps of LLP involve pairs of
antisite defects, one antisite defect being adjacent to a Cr® ion
(forming a Cry, ion); (ii) these two steps involve excitation
and trapping of an electron—hole pair; (iii) after excitation,
Cr** (Cry,) ion returns to its *A, ground state while the
excitation being trapped by a neighboring pair of antisite
defects; (iv) in the model, the driving force for charge
separation in the excited state of chromium is the local electric
field created by the pair of neighboring antisite defects; (v) a
distribution of distances between the opposite charge defects
exist and can be reached depending on the excitation
wavelength used. This localized mechanism involving only
Cry, in the excitation, trapping and emission steps of LLP
implies that Cry, ions are able to store visible light in ZGO:Cr.
The TSL study extended to low temperature complemented
the investigation and explained processes of trapping by
shallower traps. These processes were shown to occur at
farther distances from Cr** ions and therefore concerned all
types of Cr’* ions including defect-free Cry, ions. Optimization
of ZnGa,0,:Cr’* compounds for biomedical application is
currently under work.

B ASSOCIATED CONTENT
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TSL of ZGO:Cr was analyzed by two methods: thermal
cleaning (Figure S1) and variation of the sample temperature
during excitation (Figure S2). This material is free of charge via
the Internet at http://pubs.acs.org.
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