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Garnet-type Y3ScoGasO12:Cr>* phosphor has been synthesized by a solid-state reaction. XRD result revealed the
successful phase formation and crdt doping in Y3ScaGazOj2. The excitation spectrum at about 260, 450, and 630
nm corresponded to three spin-allowed Cr3* d-d intra-transitions of 4A2—4T1 (4P), 4A2—4T1 (4F), and 4A2—4T2 (4F),
respectively, among which the near infrared (NIR) emission peak at around 740 nm is identified. Moreover, the

phosphorescence emission property, thermoluminescence and related luminescence mechanisms are discussed as
well. The fabricated NIR phosphor-converted light-emitting diodes (pc-LEDs) suggest its potential of
Y3SC2Ga3012:Cr3+ phosphor for non-visible light source application.

1. Introduction

Persistent phosphors in visible region have been well developed and
have been widely applied in various important fields as security signs,
emergency route signage, identification makers, or media diagnostics
[1,2]. Comparatively, the research and development of persistent
phosphors in the near infrared (NIR) region are lacking, even though
there are growing demands for applications as identification makers in
defense and security and as optical probes in bio-imaging [3,4]. The NIR
persistent phosphors have been reported such as lanthanide or transition
metal doped garnet and spinel in very recent years, as reported by
Tabane’s group [5,6], with the afterglow times ranging from several
minutes to several hours after excitation by ultraviolet light [7,8].
During the design of NIR phosphors, trivalent chromium ion (Cr3+) isa
favorable luminescent center is solids since its 3d> electron configura-
tion allows a narrow-band emission (usually near 700 nm) due to the
spin-forbidden 2E-4A2 transition, or a broadband emission (650-1600
nm) ascribing to the spin-allowed *T,-*A, transition, which strongly

depends on the crystal-field environment of the host lattices [9,10].
Here, we comparatively reported the NIR photoluminescence and
phosphorescence properties of Cr®'-doped garnet-type phosphor,
Ygschagolz:Cr3+, and their emission mechanism and non-visible light
source applications have been demonstrated.

The crystal structure of Y3ScyGazOi1 was evolved from famous
garnet phase, Y3Als015, by the iso-structural replacement of Sc/Al and
Ga/Al atoms. Y3ScoGazOq2 possess a cubic crystal structure and a space
group Ia3d with lattice parameters of a = b = ¢ = 12.47 A [11]. Up to
now, rare earth and transition metal doped Y3ScyGasO;2 have been
extensively investigated over the last few decades. For example, Kiick
et al. investigated the excited state absorption and its influence on the
laser behaviour of Y5ScyGas012:Cr** [12]. Herein, we demonstrated the
phase formation, NIR photoluminescence and phosphorescence prop-
erties of Y3ScaGag012:Cre™ phosphors to give new insight into the po-
tential applications.
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2. Experimental section

Y3ScaGag010:Cr3* phosphors were synthesized by high temperature
solid-state reaction, starting from a mixture containing Y203 (99.995%),
Scy03 (99.995%), Gas0s (99.995%), BaF, (99.995%) and CrnOs
(99.995%) in the given stoichiometric proportions with the 5% BaF, as
flux, and the addition of BaF5 flux will benefit to the improvement in the
crystalline property and luminescence intensity. After mixing and
grinding, the mixtures were placed into an alumina crucible and then
fired in air at 1520 °C for 5 h. After this, the samples were furnace-cooled
to room temperature, ground again into powder and then sift to make
sure the size is ~30 um for the following measurement.

The powder X-ray diffraction (XRD) measurements were conducted
on a D8 Advance diffractometer (Bruker Corporation, Germany) oper-
ating at 40 kV and 40 mA with Cu Ka radiation (A = 0.15406 1°\). Room
temperature excitation and emission spectra were measured on a fluo-
rescence spectrophotometer (F-4600, HITACHI, Japan) with 5 nm slits
and a photomultiplier tube operating at 400 V, a 150 W Xe lamp used as
the excitation lamp. Before we can measure the afterglow emission
spectra, the samples were firstly irradiated for 15 min with a 12 W, 365
nm UV lamp (The radiation distance is fixed at 10 cm), after that they are
measured on the same F-4600 fluorescence spectrophotometer. The TL
spectra were recorded by using microcomputer TL dosimeters (FJ427-
A1, Beijing Nuclear Instrument Factory, Beijing, China.).

3. Results and discussion

XRD patterns of the as-prepared Y3ScyGagOq:Cret phosphors were
collected to verify the phase purity. As is given in Fig. 1a, one can see
that the diffraction peaks of the as-prepared sample are basically
indexed to the corresponding standard data for cubic phase of
Y3ScaGasz0Oq2 (JCPDS 25-1246. Fig. 1b gives the representative diagram
of the Y3ScaGasO1 2 unit cell, which belongs to the cubic A3B,C3X;2-type
structure with the space group Ia3d [11,13]. This structure can be
described as a network of [GaO4] tetrahedral and [ScOg] octahedral
linked by shared oxygen ions at the corner. The polyhedra are arranged
in chains along the three crystallographic directions and form dodeca-
hedral cavities occupied by the Y3* ions. Additionally, Considering the
high tolerability of these three cation sites, the larger dodecahedral sites
are ideal for lanthanide ions, while the smaller octahedral sites are of the
appropriate size for Cr®" ions [14]. The similarity of ionic radii of Sc¢>*
(0.885 ;\) and Cr®* (0.755 A) ions as well as their identical charge and
similar electronegativity all favor Cr>* substitution on the octahedral
Sc3t site [15].

Trivalent chromium ions belong to 3 d® electronic configurations and
in octahedral symmetry the splitting of the energy levels can be
explained by Tanabe-Sugano energy level diagram as shown in Fig. 2a.
The d® configuration gives rise to two quartet terms and *F and “P with
“F term lying lower to P as per Hund’s rule. In addition to these quartet
terms, there are several doublet terms. The G term splits into %E level,
and the *A,, *T,, and *T; levels come from the 4F term [16,17].
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Fig. 1. (a) XRD pattern of Y3Sc 95Gaz012:0.05Cr>" sample and the standard
pattern of JCPDS 25-1246, and minor impurity has been also marked. (b) Unit
cell of Y3Sc,Gaz0;2 crystal and the different polyhedra.
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Moreover, the two distinct luminescence behaviors are depending on the
crystal field: (1) broad band emission (*T5-*A, transition) for 10Dq <«
10Dqgsco in the weak field sites (ESCO means the excited state cross
over), and (2) narrow R lines emission (ZE-4A2 transition) for 10Dq >
10Dqgsco in the strong crystal field sites. In addition, the borderline
between the strong and weak fields is known as the intermediate field
region, which is shown in Fig. 2b as a configurational coordinate
diagram.

Fig. 3 shows the normalized excitation and emission spectra of
Y35c1,95G213012:0.05Cr3+ at room temperature. The PLE spectra moni-
tored at 740 nm covers a very broad spectral region (from 400 to 700
nm) and consists of three main excitation bands originating from the
inner transitions of Cr>*, including the 260 nm band originating from
the 4A2—>4T1 “pP) transition, the 450 nm band originating from the
4A5—*T; (*F) transition and 630 nm band originating from the B
(*F) transition. Under excitation at about 450 nm, the material produce a
strong and broad NIR emission band which covers from 650 to 900 nm
with maxima at around 740 nm. According to the crystal field estima-
tion, the specific value is shown in Table 1, Y3ScoGazOq Crdt belongs to
the intermediate field region. The broadband emission may be ascribed
to the 4T2—>4A2 transition from some disordered Cr3" in this host system,
whereas the broadening of the 2E—*A, emission is probably caused by
the electron-phonon coupling [18,19].

Fig. 4 presents the photoluminescence emission (Aex = 450 nm)
spectra of the Yg,Scz_xGag;Ou:xCr3+ phosphors with different concen-
trations of Cr>" (ranging from 0.01 to 0.20) at room temperature. As is
shown in Fig. 4a, this series of samples all produce a broad-band NIR
emission with a peak at around 740 nm, and the emission spectra have
no obvious changes in the spectra configuration except for the emission
intensity. Moreover, a red-shift tendency from 740 nm to 750 nm is
observed as the concentration of Cr®* increase gradually which can be
clearly seen in Fig. 4b.

As a comparison, the spectral shapes of photoluminescence and
persistent luminescence in Y35C1.99G3301210.01Cr3+ was contrasted as
demonstrated in Fig. 5a. From the picture we can cee that the afterglow
emission spectra exhibit a similar broad band as the photoluminescence
spectrum, which is also attributed to the typical emission of Cr>* ion.
Fig. 5b shows the phosphorescence spectra of this series of samples of
Y3Sc2.4Gaz012:xCret (x = 0.01, 0.03, 0.05, 0.10, 0.15 and 0.20). With
increasing Cr3* concentration, the emission intensity firstly increases,
and reaches the maximum when the concentration of Cr>* is 0.05, and
then the afterglow emission intensity decrease with further increasing
concentration. This phenomenon is different from the PL spectra at room
temperature which is caused by the different trap level in the host when
the concentration of Cr°* changes. As we know, the change of the
emission peak wavelengths can be attributed to the change of the Cr®*
energy level, which is easy to be influenced by the crystal lattice. For
example, the crystal field strength of Cr®* in Ga®* site will be stronger
[14]. A schematic diagram depicting of all the related energy levels was
shown in Fig. 6, and it is clear to find that the defect energy level plays
important role in the NIR persistent emission.

In order to further investigate the reason for the improving afterglow
property and provide the experimental data for the study of afterglow
emission mechanism, we have used thermoluminescence (TL) mea-
surement. By using TL technique, it is easier to evaluate the density and
depth of traps generated in materials under the irradiation of UV light,
and the peaks in the TL curve represent the depth and the density of
traps [20,21]. It is normal that the energy stored in the excessive shallow
traps will released at a very fast ratio under room temperature thermal
balance the energy stored in a relatively deep trap cannot return to the
excited state under room temperature for the reason that the electrons
have been strongly immobilized in trap [22]. Therefore, appropriate
traps are important to create phosphorescence emission. As is reported
in the previous work, the ideal trap depth for excellent long persistent
luminescence was reported at 0.6-0.7 eV [23]. In order to get further
information about the traps and detect the trapping levels, TL flow curve
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Fig. 2. (a) Tunabe-sugnano diagram for Cr®" in Y3Sc,GazO12 and the corresponding energy levels and transitions have been given. (b) Mechanistic configurational

coordinate diagram illustrating different emission channels for the Cr*" dopant.
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Fig. 3. Normalized excitation and emission spectra of Y3Scy 95Gag0q2:0.05Cr>"
phosphor at room temperature with the corresponding monitoring wavelength
(740 nm) for excitation spectrum and excitation wavelength (450 nm) for
emission spectrum.

Table 1
Estimated crystal field parameters of Y3Sc;Gaz012:0.05Cr>".

Transition/Parameter Y3ScyGag012:0.05Cr3"

450 nm/22,222 cm ™!
630 nm/15,873 cm ™!

E (‘A - *T; (°F)
E ("A; - *T, ('F))

Dq 1587 cm ™!
B 635 cm™*
10Dq/B 25.0

of these phosphors are recorded. Fig. 7 shows the TL curves of
Y35¢1.95Gag012:0.05Cr>" sample (without baseline). For
Y3Sc1,95Ga3012:0.056r3+, only one peak is observed above room tem-
perature, which resides around the temperature of 360 K. For the sake of
clarifying the traps, a method provided by Chen is used to obtain the TL
parameters by fitting experimental data according to the general order
kinetics formula [24]. Two deconvoluted bands are denotes as band 1

and band 2, respectively, and the depth values of each individual band
ban be calculated by the following Eq. (1) [25],

E=T,/500 1

Where E is the activation energy which stands for the activation energy
which means the trap depth; Ty, is the temperature of corresponding TL
peaks. The calculated value of trap depths (E) of
Y3Sc1,g5Ga3,012:0.05Cr3+ is determined to be 0.72 eV with T}, of 360 K. It
is reported that the TL bands are situates somewhere between 350 and
420 K if the materials show excellent phosphorescence performance
[26].

In order to explore the application of NIR-emitting
Y5S¢1.95Gaz012:0.05Cr3" phosphor, a phosphor-converted light-emit-
ting diode (pc-LED) was fabricated by combining the as-prepared NIR
phosphor and the commercial blue light-emitting chip (450 nm). The
broad-band PL spectrum of LED device upon different forward bias
currents (20-120 mA) and the as-obtained NIR pc-LED lamps are given
in Fig. 8a. Unfortunately, we can only obtain data before 780 nm due to
the limitation of detection range. Moreover, Fig. 8b shows the photo-
graphs obtained by different cameras under natural light and NIR pc-
LED light, respectively. And the distance from the white paper to the
NIR pc-LED light is 180 cm. Nothing can be detected by NIR camera once
the NIR pc-LED is off. In contrast, the NIR camera can capture black-and-
white images while the NIR pc-LED lamp is lighted, and the letter “E" on
the white paper is also clearly visible. These results indicate the appli-
cation of the YsScio5Gasz012:0.05Cr>" phosphor in night-vision
technologies.

4. Conclusion

In summary, we have successfully synthesized single-phased
Y3ScaGag010:Cret phosphor with NIR photoluminescence and phos-
phorescence emissions. The as-prepared phosphor show strong and
broad-band NIR emission band ranging from 650 to 900 nm with max-
ima at around 740 nm under the excitation of 450 nm. The afterglow
emission spectra reveal that the optimum doping concentration of Cr>*
and the corresponding luminescence mechanism has been investigated.
Moreover, the fabricated NIR pc-LEDs by using the
Y3501_95Ga3012:0.05Cr3+ phosphor demonstrates its potential applica-
tion in non-visible light source.
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Fig. 4. (a) PL spectra and (b) Normalized emission spectra of Y3Scs.4Gaz012:xCrt (x = 0.01, 0.03, 0.05, 0.08, 0.10, 0.15 and 0.20), and insets present the functions
of photoluminescence intensity and peak wavelength with Cr doping concentration.
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