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Two-site Cr’* occupation in the MgTa,0¢:Cr*
phosphor toward broad-band near-infrared
emission for vessel visualization
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Near-infrared (NIR) phosphor-converted light-emitting diodes (pc-LEDs) have great potential in
photonic, optoelectronic and biological applications, while the discovery of a broad-band NIR phosphor
still remains a challenge. Here, we report a novel Cr*-activated MgTa,Og phosphor with an
asymmetrical emission band ranging from 700 to 1150 nm and a large full width at half maximum
(FWHM) of 140 nm upon 460 nm blue light excitation. The broad spectrum is assigned to the overlap of
two bands centered at 910 and 834 nm, which originate from the spin-allowed transition of T, > A,
for different Cr®* ions located in the two six-coordinated crystallographic sites of Mg?" and Ta®",
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DOI: 10.1039/d0tc01951h respectively. The distribution of blood vessels and bones in human palm and wrist is observed with the

assistance of a commercial NIR camera and a fabricated pc-LED, which demonstrates that the
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1. Introduction

Near-infrared (NIR) light sources have attracted extensive atten-
tion in the fields of security, night vision and quantitative
composition analysis due to their invisibility and characteristic
interactions with certain biomolecules (oil, water, sugar,
protein, fat, and so forth).”™ In particular, for the NIR radiation
at 700-1100 nm, an appreciable penetration depth in biotissues
makes it feasible to diagnose the physiological states of the
human body harmlessly.>” Thus, efficient and sustainable NIR
materials used in light sources are in urgent need, especially
with a wide emission spectrum to detect as many substances as
possible. Various NIR luminescence materials have been developed
for applications in halogen lamps, light-emitting diodes (LEDs),
organic LEDs (OLEDs) and phosphor-converted LEDs (pc-LEDs).
Among them, halogen lamps are characterized by their ultra-
broadband spectra covering the region from the visible to the
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MgTa,Oe:Cr¥* phosphor is promising in biological applications.

NIR region continuously, but their low luminescence efficiency,
high work temperature and long response time hinder their
application.® Although NIR LEDs overcome most of the draw-
backs of halogen lamps, the narrow full width at half maximum
(FWHM) of a single NIR LED (<50 nm) and the inconsistency of
array LEDs also strongly restrict their large scale utilization.’
Furthermore, emerging OLEDs display inherent flexibility and
suitability for large area applications, while their efficiency and
temperature resistance are disappointing.'® In contrast, pc-LEDs
seem to be a brilliant strategy due to their tunable fluorescence
spectra, high radiant flux, concise fabrication technique and
appreciable durability.""™* As a key component of the ideal
pc-LEDs, broad-band NIR phosphors that can be excited by the
most efficient blue LED chips should be exploited as they have
become a hot topic today.

Till now, numerous NIR phosphors have been reported by
introducing activators (rare earth ions, transition metal ions or
Bi-ion with low valence) into inorganic host materials.*"* 2
However, the improper NIR wavelength, narrow emission
bands or the low luminescent efficiency of most dopants
restrict their applications. For example, the emission wave-
length of the Eu®'-doped phosphor reported by our group
is not long enough in the NIR region. Eu®"-sensitized and
Nd**-activated Sr,SizNg phosphors display several discontinu-
ous sharp peaks around 900 and 1100 nm with a NIR quantum
yield of 26% upon 450 nm excitation.>* However, Cr** ions have
been considered as an ideal NIR luminescent center because of
their tunable emission spectra from 650 to 1600 nm and wide
absorption range almost covering the entire ultraviolet-visible

This journal is © The Royal Society of Chemistry 2020
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25728 guch excellent features of Cr** ions motivated

light region.
researchers to explore appropriate luminescent materials.
Rajendran et al. reported the ultra-broadband emission of the
La;Gay 95Ge0,4:Cr’" phosphor ranging from 650 to 1200 nm
with a FWHM of 330 nm.>® In addition, Cr**-doped La,MgZrOg
and Cs,AgInCls NIR phosphors with double-perovskite struc-
tures also display considerable broad-band emission under an
induced wave-length of 460 and 760 nm, respectively.***" Yao et al.
improved not only the internal quantum efficiency (IQE) of
LiScP,0,:Cr** from 38% to 74% but also the FWHM from
170 nm to 210 nm by Yb*" codoping.>® By means of adding
fluxes and sintering in a reducing atmosphere, the CasSc,.
Si304,:Cr** NIR phosphor manifests the highest IQE of
~92.3% and an excellent thermal stability of ~97.4% and
the NIR emission intensity at room temperature can be main-
tained at 150 °C.>* Meanwhile, the practicability of Cr**-doped
phosphors in temperature sensing, infrared imaging, non-invasive
detection and food quality assessment has been illustrated
preliminarily.”**"*° Broad-band near-infrared fluorescence that
can penetrate biological tissues has also been realized using
Ca,LuHf,Al;0,,:Cr** and ScBO;:Cr** phosphors;*” so novel NIR
phosphors activated by Cr’* ions are still generally regarded as
important materials.

To acquire broad-band NIR spectrum in a single-phase
matrix, multiple crystallographic site occupation by activators
is considered as a simple but effective method.*®*°% In this
work, the Cr**-activated MgTa,Os phosphor was successfully
synthesized by considering that the radius of Mg>* (0.72 nm,
CN = 6) and Ta”" (0.64 nm, CN = 6) was close to that of Cr**
(0.615 nm, CN = 6). As a result, a wide emission spectrum of
MgTa,0,:0.021Cr*" with a large FWHM of 140 nm was observed
upon 460 nm excitation. The photoluminescence mechanism
was discussed in detail through the combination of the crystal
structure and luminescence properties, and the two-site Cr**
occupation in MgTa,04:Cr** phosphors accounts for the broad-
band emission. Finally, a NIR pc-LED was fabricated with an
MgTa,06:0.021Cr** phosphor pumped by a blue LED chip.
Benefitting from the deep penetration of this NIR light into
tissues, the visualization of blood vessels and bones in human
palm and wrist is realized with the assistance of a NIR camera,
suggesting its potential application in the biomedical field.

2. Experimental
2.1 Materials and preparation

Powder samples with compositions of Mg1,0.67xTaZ,o_33x06:xCr3+
(0 < x < 0.210) (also abbreviated as MgTa,0¢:xCr>* hereafter)
were designed for the conservation of charge and sites and
prepared by the conventional solid-state method in air. The stoi-
chiometric starting materials, including 4MgCO; - Mg(OH),-4H,0
(99.99%, Aladdin), Ta,O5 (99.99%, Aladdin) and Cr,0; (99.95%,
Aladdin), were weighed according to the given stoichiometric
ratio, mixed and ground homogeneously in an agate mortar for
30 minutes. After that, the mixtures were transferred into a
corundum crucible and put into a muffle furnace to sinter at
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1450 °C for 6 h. At last, the furnace was cooled down to room
temperature naturally and the samples were ground into fine
powders for subsequent characterization.

2.2 Characterization

The phase and purity of the as-prepared powder samples were
examined by X-ray diffraction (XRD) analysis using a Bruker D8
ADVANCE power diffractometer with CuKao radiation source
(4 =0.15406 nm) and a linear VANTEC detector. The operation
voltage and current were set as 40 kV and 15 mA, respectively.
The data were collected in the range of 5°-120° with a step size
of 0.0217 nm (20) and a count time of 5 s per step. Structural
characterization and Rietveld refinement were conducted using
TOPAS 4.2 software. Room-temperature photoluminescence
(PL) spectra and PL excitation (PLE) spectra were recorded
using a FLS920 fluorescence spectrophotometer equipped with
a continuous xenon lamp (450 W) as an excitation source and a
liquid-nitrogen cooled NIR photomultiplier tube as a detector.
The excitation and emission slits were both set at 2.5 nm. The
PL decay curve was also measured by the same FLS920 instru-
ment using a microsecond flash lamp (uF900) as the excitation
source, and the statistical photons are 5000. Photographs for
the application of NIR pc-LEDs were taken by using a DF3 NIR
camera produced by Hualai Technology Company, China.

3. Results and discussion

3.1 Phase identification and structural characterization

The XRD patterns of MgTa,04:xCr** (x = 0.009-0.210) in Fig. 1a
revealed that all diffraction peaks can be exactly assigned to
the standard data of the MgTa,0s phase (PDF No. 32-0631),
indicating that the introduction of Cr** ions had no significant
effect on the structure of host materials. The Rietveld refine-
ment results of MgTa,0¢:0.021Cr** shown in Fig. 1b also verify
that the phase is pure and the same crystal lattice with rutile
(TiO,) is retained. The main crystallographic data and residual
factors are listed in Table 1, also corresponding to the previous
report.*’

It is reasonable to speculate that three Cr** ions tend to
co-substitute two Mg”* ions and one Ta®>" ion via the model of
2Mg*" + Ta®* — 3Cr’" without causing any charge or site
imbalance, as also confirmed by the absence of impure phases
in all samples even with high Cr’* doping contents. However,
the substitution mechanisms which include oxygen vacancy
formations are probable also: 2Mg** + (1 + n)Ta’" + nO*~ —
(3 + n)Cr** + nvacancy(0®>") (n = 1, 2, 3...N). The suggested
mechanism (1 = 0) implies the smallest amount of Cr*" in Ta**
sites, meaning that Cr** ions prefer to occupy Mg>" sites. In this
case the Mg-O bond length should change more prominently
than that of Ta-O under increasing Cr*" doping. As the ionic
radius of Cr** (0.615 nm, CN = 6) is 14.6% and 3.9% smaller
than that of Mg”* (0.72 nm, CN = 6) and Ta>" (0.64 nm, CN = 6)
respectively, the cell volume and average Mg-O bond length
should decrease dramatically with the increase of Cr** concen-
tration. But the Ta-O bond length remains almost constant.*’
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The proposed substitution mechanism: Ta* + 2Mg**-> 3Cr*

Fig. 1 (a) XRD patterns of MgTa,Og:xCr®* (x = 0.009-0.210), and the standard data of MgTa,Og phase (PDF # 32-0631). (b) Rietveld refinement XRD
pattern of MgTa,0e:0.021Cr**. (c) Variation of cell volume, Mg—O bond length and Ta—O bond length with Cr®* concentration, respectively. (d) Local
structure evolution model demonstrating Cr** co-substituted for Mg?* and Ta>* in MgTa,Os.

Table 1 Main refined structural parameters of the MgTa,0g:0.021Cr**
sample

Compound MgTa,06:0.021Cr**
Symmetry Tetragonal
Space group P4,/mnm
a, A 4.71649 (3)
¢, A 9.20595 (6)
v, A® 204.789 (3)
zZ 2
20-interval, ° 12-120
Rupy % 4.09

Ry, % 3.02

Rexpy % 1.10

Rz, % 0.87

7 3.73

These results are consistent with the results of the variations of
the cell volume and the proposed doping mechanism (n = 0),
Mg-O bond length and Ta-O bond length obtained by the
Rietveld refinement, as shown in Fig. 1c. Fig. 1d displays
the structure model of MgTa,Os and two-site Cr’* doping
evolution, in particular, it consists of two distinct cationic
crystallographic positions of Mg®>" and Ta®" and both are
located in the center of the distorted octahedron coordinated
by six oxygen ions. Two kinds of six-coordinated Cr** ions
denoted as Crl and Cr2 occupy Ta and Mg crystallographic
sites, respectively. At the same time, the original octahedra
changed a lot and caused the shrinkage of the cell volume.
Interestingly, the sites of Mg are half less than those of Ta in
MgTa,0, but are occupied by more Cr** ions, which means that
the Cr2 holds four times higher occupancy than Cr1. In addition
to the structural information, the optical performance of the
phosphor also confirmed the process of co-substitution and will
be discussed later.
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3.2 Optical properties

The fundamental luminescence properties of MgTa,06:0.021Cr>*
were investigated using the photoluminescence (PL) and PL
excitation (PLE) spectra. As shown in Fig. 2a, the PL spectrum
shows a wide emission band extending from 700 to 1150 nm
and centered at 834 nm with a full width at half maximum
(FWHM) of 140 nm upon 460 nm irradiation, which should be
attributed to the spin-allowed transition of Cr** ions from the
excited state T, (*F) to the ground state *A, (*F) as described in
Fig. 2b.*" The PLE spectrum monitored at 834 nm consists of
three typical wide excitation bands located in the ultraviolet,
blue and red regions, which originate from three spin-allowed
transitions of *A, — *Ty (*P), *A, — T, (*F) and “A, — *T, (*F)
of Cr*" ions, respectively.”” Furthermore, the PL intensity of
the MgTa,04:xCr** (x = 0.003-0.210) samples is depicted in
Fig. 2c under 460 nm excitation. Obviously, the PL intensity
reaches maximum when x is 0.021, and then decreases gradually
due to the concentration quenching effect, which involves a non-
radiative process.*> Consequently, MgTa,0:0.021Cr>" is selected
as the optimum composition for further characterization.

Given that the valence electrons of Cr* ions are not shielded
by outer shells, there are strong interactions with the crystal
field and lattice vibrations due to the spatial extension of the
d electron wavefunctions in crystals, giving rise to tunable
optical properties of Cr** doped phosphors.**** When considering
Cr*" ions in the center of coordinated octahedra (O}, symmetry), the
influence of the host lattice on luminescence properties can be
expressed by the spectroscopic parameters of Dy and B, which can
be roughly estimated by the following equations:*®

be=—15 @

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) Room-temperature PLE and PL spectra of MgTa,Og:0.021Cr**. (b) Tanabe—Sugano diagram of d* electronic configuration. (c) PL spectra of

MgTa,0g:xCr** (0 < x < 0.210) phosphors monitored at 460 nm. The inset shows the PL maximum intensity.

x2 — 10x

B = TS —8) (2)

where parameter x is defined as

E(*T)) — E(*Ty)

X = D—q (3)

In the above equations, D is the crystal field splitting energy
and is closely related to the metal-ligand distance, Racah
parameter B represents the repulsive force between electrons
in the 3d orbital and reveals a stronger dependence on host
covalency,® and E(*T,) and E(“T,) are the equilibrium positions
of the *T, and T, levels, which can be obtained from the PLE
spectrum shown in Fig. 2a.

Accordingly, the specific crystal field parameters of
MgTa,04:0.021Cr*" were calculated and compared with those
of other Cr**-doped NIR phosphors, as listed in Table 2. The
crystal field strength of Cr’*" in MgTa,O is close to that in
certain garnet and perovskite oxides, but larger than the

Table 2 Crystal field parameters of different Cr**-doped broadband NIR
phosphors

Host Dg (em™) B(ecm™) Dy/B Ref.
Y5Sc,Gas04, 1587 635 2.50 44
Y,CaAl,SiO;, 1647 678 2.43 40
Mg,Ga,Ge;016 1695 712 2.38 27
La,MgZrOg 1589 628 2.53 30
Na,CaTi,Ge;0, 1538 582 2.64 47

ScBO; 1400 651 2.15 13
MgTa,06 1471 588 2.50 This work

This journal is © The Royal Society of Chemistry 2020

crossover point in Fig. 2b, which may be ascribed to the
distortion of the coordinate polyhedron because the energy
level in the Tanabe-Sugano diagram is based on Cr**
perfect octahedral site.*>*’

To obtain the specific occupancy information of Cr** ions in
MgTa,06, PL Gaussian fitting has been performed as shown in
Fig. 3a. Two fitting peaks are located at 834 and 910 nm with a
FWHM of 124 and 197 nm, respectively. Based on the Tanabe-
Sugano diagram in Fig. 2b, a wider emission spectrum and
longer emission wavelength are normally relevant to a weaker
crystal field, thus fitting band II (910 nm) is caused by the Cr**
ions in the weaker crystal field, which is characterized by
the smaller crystal field splitting.** Furthermore, crystal field
splitting energy Dy is given by the following equation:*’

in a nearly

Z€2I’4

Dy =-ps (4)
where z is the anion charge, e is the charge of the electron,
r represents the radius of the d wave function, and R is the
distance between the central Cr’*" ions and their ligands.
Obviously, Dq strongly depends on the ligand-Cr** distance.
Therefore, Cr** ions in the Mg>* sites will display a longer
emission wavelength.>°

In addition, as shown in Fig. 3b, the PL intensity of single
band II first reaches maximum with the increment of Cr**
concentration compared to band I, which means that the
luminescence center of band II is identical with stronger
concentration quenching effect and higher occupancy than
band L.*>° Hence the emission peaks at 834 and 910 nm were
ascribed to Crl and Cr2, respectively. In addition, the PLE

J. Mater. Chem. C, 2020, 8, 9322-9328 | 9325
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Fig. 3 (a) Gaussian fitting for the PL spectrum of the MgTa,Oe:0.021Cr** phosphor. (b) PL intensity of the two fitting bands (834 and 910 nm) with Cr**
concentration dependence. (c) PLE spectra of MgTa,0¢:0.021Cr*" monitored at 750 and 1000 nm, respectively. (d) Decay curve of MgTa,0g:0.021Cr**

monitored at 834 nm.

spectra of MgTa,04:0.021Cr*" monitored at 750 and 1000 nm
are displayed in Fig. 3c. The significant difference between the
two curves further proves that there are two luminescence
centers in this crystal.>® Since the inhomogeneous emission
band is not originated merely from one equivalent site,
further evidence is revealed by checking the decay time. The
decay curve of MgTa,04:0.021Cr*" monitored at the peak maxi-
mum of 834 nm upon 460 nm excitation was recorded and is
shown in Fig. 3d. The average lifetime was calculated to be

37.33 us by double-exponential fitting based on the following
relationships:

£ _r

I =Adie v + dye ™ (5)
A112 4 Ayt

Tave = AL T 2272 (6)
Al‘L'l +A2T2

where I represents the emission intensity, 4, and 4, are
constants, 7; and 1, are the decay time for the exponential

blood vessels

human palm

Fig. 4 (a) Schematic diagram of the NIR pc-LED imaging device showing the application principle. (b) Photographs of human palm and wrist after being
penetrated by the light of MgTa,0g:0.021Cr** phosphor from the NIR pc-LED.
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components, and 7, is the average decay time. The fitting
results (t; = 43 us and 1, = 13 ps) are in line with the typical
Cr**-doped compounds.®**?

3.3 NIR pc-LED and its applications

As mentioned previously, the broad-band NIR emission in
the range of 700-1150 nm will bring about considerable penetr-
ability to biotissues, and Mg’Ta206:0.021Cr3+ with such a
characteristic spectrum can have an effect. Therefore, a NIR
pc-LED was fabricated by coating the MgTa,04:0.021Cr*" phos-
phor on a commercial blue light-emitting InGaN chip (460 nm).
Fig. 4a shows the schematic diagram of the NIR pc-LED
imaging device and a filter was used to block the faint blue
light. The distribution of bones and blood vessels in human
palm (~3 cm) as well as wrist (~4 cm) is observed with the
assistance of a NIR camera and is shown in Fig. 4b. These
images with a fundamental model indicate that the phosphor
can be potentially applied for accurate measurements in
non-destructive examination.

4. Conclusions

In summary, a novel Cr**-activated MgTa,Os phosphor with
broadband NIR emission has been designed based on the
strategy of multiple site occupation. The MgTa,04:0.021Cr**
phosphor exhibits an asymmetric emission band in the range
of 700-1150 nm with a FWHM of 140 nm upon 460 nm
excitation. Experimental studies of structural characterization
and optical properties reveal that the broadband emission is
composed of two peaks centered at 834 and 910 nm, which are
ascribed to the presence of Cr’* ions in different crystallo-
graphic sites of Ta and Mg, respectively. Besides, the double
site occupation of Cr** ions in MgTa,Og was further confirmed
using the PLE spectra monitored at different wavelengths and
the two-exponential decay curves of luminous intensity. A NIR
pc-LED was fabricated to record the distribution of human
blood vessels and bones in human palm and wrist. This work
provides a feasible strategy to design phosphors for broad
NIR emission and to promote their potential applications in
different fields.
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