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Abstract

Although near-infrared phosphor-converted light-emitting diodes (NIR pc-LEDs) are desired for non-visible light
source applications, the design of broadband NIR phosphors remains a challenge. Inspired by the chemical unit co-
substitution strategy for the modification of composition and local structure, we realize a tunable redshift emission
from 706 to 765 nm in garnet-type Lu,Sc,Ga,0,,:Cr** with a broadened full width at half maximum and enhanced
photoluminescence intensity by introducing a [Mg”*-Si*'] unit into the [Sc**-Ga®] couple. Structural and spectral
analyzes demonstrate that the co-substitution reduces the local symmetry and crystal field strength of the [CrO,]
octahedra, thus leading to inhomogeneous widening of the “T,—*A, emission and enhanced blue absorption.
Furthermore, the “T,—"A, emission exhibits a phonon-assisted character at low temperatures due to the thermal
coupling effect with the °E level. The fabricated NIR pc-LED based on the optimized NIR phosphor exhibits excellent
potential in night vision and imaging applications.
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INTRODUCTION

Broadband near-infrared (NIR, 700-2500 nm) light sources are urgently needed for a variety of applications,
including component detection", phototherapy'/, agricultural plant lighting®”, bioimaging'”, night vision
illumination® and iris recognition'. Among various NIR light sources, however, traditional halogen
tungsten lamps suffered from high-power dissipation”. Electroluminescent semiconductors, such as GaAs,
are inappropriate for various applications due to their narrow emission band®”. Furthermore, organic light-
emitting diodes (LEDs) suffer from low hydrothermal stability"”. In contrast, NIR phosphor-converted
(pc)-LEDs that are encapsulated by blue light InGaN chips and NIR-emitting phosphors are emerging as
promising candidates to achieve the desired broadband NIR emission. Owing to the commercialization of

11,12

high-efficiency blue chips"*'"”, the development of NIR phosphors pumped by blue light with broadband

and tunable emission has become a research priority"”.

So far, several types of NIR phosphors have been explored by doping Eu*""**, Bi", Ni*!"”,, Mn*""¥ and Cr’*
into inorganic hosts. Among these dopants, Cr* has gradually become the focus of attention for practical
applications due to its high photoluminescence quantum yield"**, broadband and tunable emission*!
and high thermal stability®. In addition, the ‘A,—*T, transition of Cr** perfectly matches the blue light
chip, as well as a narrowband or tunable broadband emission sensitive to the crystal environment due to the
3d’ electronic configuration. Among the different hosts for Cr** doping, garnet-type compounds possess a
compact structure with high symmetry belonging to the cubic system"” and have been extensively studied
for high-performance NIR phosphors.

19-21

The garnet-type structure is composed of three kinds of polyhedra, namely, dodecahedra, mainly occupied
by elements with large radii, such as rare earth elements and alkali and alkaline earth metals, octahedra,
occupied by transition and main group metals with small radii, and tetrahedra, usually occupied by Ga, Si,
Ge, Al, V and P. In recent years, Cr’*-doped garnet phosphors with high internal quantum efficiency (IQE)
have been reported and studied. However, owing to the parity-forbidden character of d-d transitions, Cr**-
doped phosphors suffer from a low absorption coefficient (Abs) and narrow emission band. This is
particularly true for highly symmetrical lattices, including Ca,Sc,S1,0,,:Cr** (IQE/Abs = 92.3%/27.6%,
FWHM = 110 nm)™ and Gd,Sc,Ga,0,:Cr** (IQE/Abs = 98.6%/21.0%, FWHM = 120 nm)™, which limits
the further application of NIR pc-LEDs. Although the Abs can be raised by increasing the concentration of
Cr’, excessive dopants usually lead to serious concentration quenching effects and stronger electron-
phonon coupling, resulting in damage to the thermal stability and IQE in the garnet structure*". Although
Cr’* and Yb* co-doping may benefit the broadening emission spectrum and enhance the thermal stability, it
has little effect on improving the Abs"*. It has been reported that introducing the odd-parity crystal field by
lattice distortion can partly release the parity-forbidden character of Cr’ ions so that an improved Abs is
expected"?.

In recent years, the chemical unit co-substitution strategy, i.e., the simultaneous substitution of two kinds of
chemical units in a crystal structure, has been used to realize structural evolution and the regulation of
luminescence properties, as proposed by our group and successfully adopted by many different research
teams". Benefitting from the high structural tolerance of the garnet structure, chemical units can enter the
cell in large quantities to realize the distortion of the polyhedra and the disorder of the local crystal
environment, further breaking the reverse symmetry of the crystal site, where Cr** is located. Thus it leads to
a strong crystal field splitting and contributes to the photoluminescence tuning of the emission band.

In this work, an enhanced NIR emission of Cr** ions with a broadened FWHM is realized by co-substituting
[Mg*-Si*'] for [Sc**-Ga’'] in garnet-type Lu,Sc,,, . Mg.Ga, Si,O,,:0.02Cr* phosphors. The luminescence
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properties and crystal field strength of the phosphors are further studied as a function of x. We find that the
thermal coupling effect of the *T, and *E levels and the electron-phonon coupling effect are enhanced with
increasing x and the related luminescence mechanism is proposed. Finally, a broadband NIR pc-LED is
designed and fabricated using the composition-optimized phosphor Lu,Sc, ,, Mg, ,Ga,,Si, ,O,,:0.02Cr*
(LSMGS:Cr) and its applications in imaging and night vision illuminating are demonstrated.

MATERIALS AND METHODS

Materials and preparation

The Lu,Sc, ,, . Mg,Ga, ,Si,0,,:0.02Cr*" samples (x = 0.0, 0.30, 0.45, 0.60, 0.75 or 0.90) were prepared by a
conventional high-temperature solid-state method. Lu,O, (99.9%, Aladdin), Sc,0, (99.9%, Aladdin), MgO
(99.9%, Aladdin), Ga,0, (99.99%, Aladdin), SiO, (99.99%, Macklin) and Cr,0, (99.95%, Aladdin) were used
as the starting materials and weighed according to stoichiometric proportions, with 2 wt.% H,BO, (99.5%,
Aladdin) added as the flux. After being mixed and grounded thoroughly using ethanol in an agate mortar,
the mixtures were transferred into alumina crucibles (Kaiping Shengxing Chemical Porcelain Factory,
Tangshan, 16 x 28 mm) and then placed in a box furnace for sintering at 1450 °C for 6 h in air. Finally, the
phosphors were ground in an agate mortar for 3 min after cooling to room temperature.

Characterization

Powder X-ray diffraction patterns were measured using a diffractometer (PANalytical Corporation,
Netherlands) with a Cu Ka radiation source (1 = 1.5406 A) and the operating voltage and current set as
40 kV and 15 mA, respectively. Room-temperature photoluminescence (PL) and photoluminescence
excitation (PLE) spectra were recorded using an FLS1000 fluorescence spectrophotometer (Edinburgh
Instruments, UK) equipped with a continuous xenon lamp (450 W) as the excitation source and a liquid-
nitrogen cooled NIR photomultiplier tube as the detector (Hamamatsu, R5509, InP/InGaAsP). Low-
temperature spectra were measured using the same spectrophotometer equipped with a Cryo-77 low-
temperature fluorescence instrument (Tian Jin Orient - KOJI Instrument Co., Ltd.). The PL decay curve was
also measured using the same spectrophotometer with a microsecond flash lamp (uF900) as the excitation
source. High-temperature spectra were measured by a fiber spectrophotometer (NOV A high-sensitivity
spectrometer, Idea Optics, China) equipped with a TAP-02 high-temperature fluorescence instrument (Tian
Jin Orient - KOJI Instrument Co., Ltd.) and a 450 nm laser diode as the excitation source. Diffuse reflection
(DR) spectra were collected using a UV-Vis-NIR spectrophotometer (Hitachi UH4150) and BaSO, was used
as the reference standard. The quantum efficiency at room temperature was measured by an absolute PL
quantum yield spectrometer (Quantaurus-QY Plus C13534-12, Hamamatsu Photonics).

LED device fabrication and performance measurements

The pc-NIR LED device was designed and made by coating the as-prepared phosphor on a blue LED
(X1901, 5 W, Guangzhou LEDteen Optoelectronics Co., Ltd., China) and fully blending with an epoxy resin.
The electroluminescence of the fabricated NIR pc-LED was measured by Optical & Electrical Fast Meters
For LEDS (Hangzhou Hopoo Optoelectronics Technology Co., Ltd., China).

RESULTS AND DISCUSSION

Crystal structure of Lu,(Sc, Mg),(Ga, Si),0,,:Cr*

The phase and purity of the as-prepared powder samples were examined by X-ray diffraction and the results
are shown in Figure 1A. The x value reflects the degree of co-substitution of [Mg**-Si*'] for [Sc**-Ga>]. All
diffraction peaks were well matched with the standard data of the Lu,Sc,Ga,O,, cubic phase (PDF
No. 54-1252, space group la-3d) and no obvious impurity phases were observed, indicating that the phase of
the samples was not affected by a certain amount of chemical unit co-substitution due to the high structural
tolerance of garnet-type compounds as shown in Figure 1C.
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Figure 1. (A) XRD patterns of Lu,Sc, o5 xMgxGa, xSix0,,:0.02Cr* (x = 0.0-0.9) with selected diffraction peak near 32.7°. (B) Calculated
lattice parameters of Lu,Sc, o5 XMgxGa, xSix0,,:0.02Cr*" (x = 0.0-0.9). (C) Crystal structure of Lu,Sc, o5 XMgxGas xSix0,,:0.02Cr",

The shift of the strongest diffraction peak to a higher angle, as shown in Figure 1A, indicates that the cell
shrinks with increasing x. With the substitution of [Mg**-Si*'] for [Sc’*-Ga*'], the diffraction peak near 32.7°
shifts slightly toward a higher angle [Figure 1A] due to the ionic radii of Mg* [0.72 A, coordination number
(CN) = 6] and Si*" (0.26 A, CN = 4) being smaller than that of Sc** (0.745 A, CN = 6) and Ga’" (0.47 A,
CN = 4), respectively”™. The lattice parameter of the phosphors in the cubic system was calculated using the
Bragg equation:

2d sinf@= A4 1)
1 Wk 5
dZ aZ ( )

where d and a represent the interplanar spacing and lattice parameter, respectively. The wavelength of the
incidence X-ray 4 was 1.5406 A. The diffraction peak position 6 originating from the crystal face (hkl) was
obtained from the strongest diffraction peak near 32.7° in Figure 1A, where 4, k and [ are the Miller indices,
namely, 0, 2 and 4, respectively, in the calculation. The lattice parameter decreased from 12.32 to 12.23 A
with increasing x, as shown in Figure 1B. This indicates that the [Mg*-Si**] chemical unit had been
successfully incorporated into the garnet-type structure. The shrinkage of the crystal cell usually enhances
the crystal field strength of the octahedrally-coordinated Cr** center with a blueshift and narrowed emission
band. In contrast, a completely opposite phenomenon in Lu,Sc,Ga,O,,:Cr’* can be observed after the
[Mg**-Si**] chemical unit was introduced, as discussed below.
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Photoluminescence properties of Lu,(Sc, Mg),(Ga, Si)O,,:Cr*

The room-temperature emission (PL) and excitation (PLE) spectra of Lu,Sc, ,,Ga,0,,:0.02Cr’* are shown in
Figure 2A. Under the excitation of 440 nm blue light, Lu,Sc, ,,Ga,0,,:0.02Cr*" exhibits a dark-red emission
with a FWHM of 88 nm centered at 706 nm, which is attributed to the *E—A,, transition of Cr**. When
monitored at the 706 nm emission, Lu,Sc, ,,Ga,0,,:0.02Cr’" gave three excitation bands in the UV, blue and
red regions, which were assigned to the *A,—*T, (*P), *A,—*T, (‘F) and *A,—*T, (‘F) transitions of Cr™,
respectively. After the [Mg*-Si*'] unit replaces the [Sc’*-Ga™] couple in the structure, the emission band
position gradually shifts from 706 to 765 nm. Furthermore, the FWHM is doubled to 176 nm [Figure 2B].
The Lu,Sc, ,, Mg, Ga,_,Si, ,0,,:0.02Cr* phosphor has a broadband NIR emission with stronger penetrability
and crypticity, which is more conducive to its application in biological imaging and component analysis
compared to Lu,Sc, ,,Ga,0,,:0.02Cr*" with a narrowband visible dark-red emission.

The change in the spectrum can be divided into two stages, as shown in Figure 2C. In the first stage
(x = 0.0-0.45), the emission band position rapidly redshifts and the FWHM increases significantly, mainly as
a result of the enhancement of the broadband “T,—*A, emission, indicating that the excited electrons
gradually tend to populate at the “T, state rather than the °E state. The enhancement of the parity-forbidden
“T,—*A, transition is a common phenomenon in garnet oxide solid solutions" and is usually caused by the
disordered local crystal environment of Cr** due to the introduction of the chemical unit. In the second
stage (x = 0.6-0.9), the values of the emission band position and FWHM increased slowly and finally
converged to a constant. This may be caused by two competing factors. The first is the crystal field
enhancement caused by the lattice contraction discussed previously, which usually engenders the blueshift
and sharpens the Cr’* emission. The second factor is the disordered local crystal environment, which usually
engenders the redshift and broadens the Cr** emission.

Because of the lack of protection from an external shell, the orbital energy levels of the d orbital of Cr** are
very sensitive to the influence of the host lattice. Therefore, to explore the further influence of the
[Mg*-Si*] chemical unit substitution on the emission properties of Cr*, it is necessary to quantitatively
calculate the crystal field splitting parameters, including Dg, B and C. According to crystal field theory, the
crystal field strength parameter Dg and Racah parameter B can be approximated by the following
equations””:

10Dg=E('T,,) ©)

Dq _ 15(AE / Dg-8)
B (AE/Dg)*-10(AE / Dq) S
AE =E('T,)-E('T,) ®)

Finally, the Racah parameter C can be calculated by
E(CE)=3.05C+7.9B-1.88*/ Dq (6)

where E("T,,) and E(*T,,) are the energy levels of *T,,(‘F) and “T,("F) for Cr™, respectively, which can be
obtained from the PLE spectra, and E(’E) is the equilibrium position of the sharp zero-photon line (ZPL)
obtained from the PL spectra.

The Racah parameter B represents the repulsion between electrons in the 3d orbital of Cr*". The value of the
Racah parameter B of Cr™* in the host is usually lower than in the free environment (B, = 918 cm™) and
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Figure 2. (A) Room-temperature PLE (blue) and PL (red) spectra of Lu,S¢, 44Ga;0,,:0.02Cr*" phosphor. (B) Normalized PL spectra of
Lu,SC, o5 XMgxGa, x5ix0,,:0.02Cr*" (x = 0.0-0.6) excited by 440 nm light. (C) Peak wavelength and FWHM of Lu,Sc, o5 xMgxGa, xSixO
12:0.02Cr3+ (x = 0.0-0.9). (D) Tanabe-Sugano diagram of Cr** in the perfect octahedral environment. (E) Integrated intensity of PL
sp3ectra of Lu;Sc, 45 XMgxGas xSix0,,:0.02Cr" (x = 0.0-0.9) excited by 440 nm light. (F) DR spectra of LuSc, o5 xXMgxGa, xSix0,,:0.02
Cr' (x=0.0-0.9).

strongly depends on the covalency of the host. Accordingly, the specific crystal field parameters of Lu.Sc, .,
Mg, Ga, ,Si,0,,:0.02Cr* (x = 0.0, 0.6 or 0.9) were calculated, as listed in Table 1. The value of Dg/B decreases
from 2.85 to 2.65 with increasing x value, thus reducing the energy separation between *T,, and °E
[Figure 2D]. The decreased B values indicate that the ionic character of the octahedra in which Cr* is
located is enhanced due to the enlargement of the [Sc/MgO,] octahedra, even though the whole crystal cell
shrinks under co-substitution®. Therefore, the excited electrons will tend to reside in the gradually
redshifted *T,, level due to the weakening crystal field and induction of a broad NIR emission (“T,—*A,). As
shown in Figure 2E, with increasing x, the integral intensity of Lu,Sc, ,, Mg Ga, ,Si,0,,:0.02Cr*" increased to
180% of the original value at first (x = 0.0-0.6) and then decreased (x = 0.6-0.9). Figure 2F shows the DR
spectra of the Lu,Sc, ,, . Mg.Ga, Si,0,,:0.02Cr’" series. The three absorption bands of Cr*" in the UV-Vis
region fit well with the three excitation bands of the PLE spectra. With the introduction of [Mg**-Si*']
chemical units in the structure (x = 0.0-0.6), the reflectance at 440 nm reduces from 81.9% for x = 0.0 to
67.4% for x = 0.6, which indicates that more blue light was absorbed by the optimized phosphor.

The external quantum efficiency (EQE) of the designed phosphors is crucial for high-performance NIR
LEDs and is the product of the internal quantum efficiency (IQE) and Abs™*!. The quantum yield of the
samples was measured and the values of the EQE, IQE and Abs are shown in Figure 3A. The matrix garnet
phosphor (x = 0.0) shows a high IQE of up to 81.4% and a low Abs (0.257) due to the parity-forbidden
transition of Cr*. The [Mg**-Si*'] co-substituted phosphor (x = 0.6) demonstrated a higher EQE (28.1%)
compared to the matrix phosphor (20.9%) on account of the improvement of the absorption ability from
25.7% (light green body color) to 38.4% (deep green body color). Excessive [Mg*-Si*] chemical units were
harmful to the luminescence ability of the Lu,Sc, ,, Mg, Ga, ,Si,0,,:0.02Cr’* phosphors (x = 0.75 or 0.90),
which is consistent with the trend of the integral intensity of the PL spectra [Figure 2E]. The decreased
trend of the Abs of Lu,Sc, ,, Mg,Ga, Si,0,,:0.02Cr* phosphors (x = 0.75 or 0.90) may be caused by more
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Table 1. Crystal field parameters of Lu,Sc, o5, Mg,Ga,_Si,0,,:0.02Cr>" (x = 0.0, 0.6 or 0.9) phosphors

Host Dq (cm™) B(cm™ Dq/B C(cm™)
x=0 1514 531 2.85 3499
x=0.6 1463 553 2.65 3445
x=09 1460 556 2.62 3415
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Figure 3. (A) IQE, Abs and EQE values of Lu,Sc, o5 XMgxGa, xSix0,,:0.02Cr*" phosphors. (B) Luminescence decay curves of Lu,Sc, og X
ngGa3_xSixOu:O.02Cr3+ phosphors (x = 0.0-0.9) excited by 440 nm light and monitored at their strongest emission wavelength. (C)
Temperature-dependent PL spectra and phonon-assisted PL mechanism of LSMGS:Cr excited by 440 nm light at 80 and 300 K. (D)
PL/temperature correlation maps of LSMGS:Cr excited by 440 nm light. (E) and (F) Configuration coordinate diagrams of Lu;Sc, 54 xXMg
)<Ga3,x5ix0u:0.02Cr3+ (x = 0.0 or 0.6) showing level thermal coupling and temperature-quenching mechanisms.

serious diffuse reflection due to the mismatched refractive index between the garnet phase and the

impurities.

The experiment results show that the PL decay curves can only be fitted with a bi-exponential function
[Figure 3B]:

I(t)= Aie "+4e O

where I(t) represents the emission intensity at a certain time ¢, A, and A, are constants and 7, and , are the
luminescence decay times. According to the above equation, the decay times were determined to be 406.1,
218.4 and 195.3 ps for 7, and 185.1, 58.6 and 56.0 ps for z,, corresponding to the x = 0.0, 0.6 or 0.9 samples,
respectively. It is known that Cr** generally exists stably at octahedral sites. Although Cr** will occupy both
octahedral and dodecahedral sites in some garnet oxides, the PL band of Cr**at dodecahedral sites usually
exhibits longwave PL (> 800 nm) due to the larger radius of the polyhedra”. Thus, the bi-exponential PL
decay was more likely caused by one crystallographic site with multiple local crystal environments.
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The two lifetimes with different orders can be attributed to the E—‘A,, and *T,,—*A,, transition,
respectively. The E—*A,, transition is both parity-forbidden and spin-forbidden, while the *T,,—*A,,
transition is parity-forbidden but spin-allowed, which causes the former to have a longer lifetime. The
transition from the *E state becomes partially allowed due to the overlap between the wavefunctions of the
°E and *T, states, which explains the shorter decay time in the phosphors after co-substitution. This
phenomenon suggests that the excited electrons are populated at both the °E and *T,, levels, which further
indicates that Cr’* in Lu,Sc, ,, Mg Ga, ,Si,O,, may possess more than one set of Dg/B values, which also
explains why the total crystal field strength calculated in Figure 2D was not at a medium level and the
inhomogeneous broadening in the PL spectra. The bi-exponential decay of the matrix may be caused by
3+[41

. Overall, co-substitution will induce
a local structural distortion and then introduce sites with weaker crystal field strength, as well as the partial

anti-site defects, which were previously reported in Lu,Sc,Ga,O,:Cr

lifting of the forbidden *T,,—~*A,, transition due to the high symmetry. The phenomenon where two
luminescence components in the inhomogeneous broadening PL spectra can be detected when monitored
at a certain wavelength, indicating the nonnegligible thermal coupling of the °E and “T,, levels, as discussed
below. The PL lifetimes decreased with increasing x [Supplementary Figure 1] due to the partial lifting of
the restriction on the forbidden transition and the increase in the probability of the non-radiative transition.

To investigate the detailed luminescence mechanism herein, the low-temperature-dependent PL spectra and
PL decay curves of LSMGS:Cr were recorded and compared in Figure 3C, Supplementary Figures 2 and 3.
At 80 K, the PL spectra of LSMGS:Cr consist of a sharp ZPL, namely, the ’E—*A,, transition at 690 nm and
the attached stokes sideband (705 and 720 nm) due to the participation of phonons. The ‘T,,—‘A,, transition
presented as a broadband emission centered at 785 nm. With increasing temperature, the intensity of the
’E—*A,/'T,.—'A,, transition enhanced at first and then decreased significantly when the temperature
exceeded 125 K. This similar phenomenon related to the ZPL and Stokes sideband also exists in other
transition metal-doped phosphors with the 3d’ electronic configuration, such as V** and Mn*"***\. The
dopants in the host introduce point defects, which can accept energy from not only photons but also
phonons in the host lattice to produce luminescence. The latter, known as phonon-assisted emission, will be
enhanced by more phonons according to the Bose-Einstein distribution law when heating from a low
temperature. When the temperature is raised to a specific level, the large number of phonons induces
serious electron-phonon coupling, which leads to thermal quenching.

The *T,,—*A,, emission with the same behavior was abnormal compared to other Cr-doped phosphors.
Generally, phosphors at low temperatures exhibit a stronger emission because the lattice vibration is
inhibited, which weakens the electron-phonon coupling effect and causes a smaller probability of non-
radiative transition. The abnormal *T,,—*A,, PL behavior related to the temperature indicates that the
thermal coupling effect between the °E and “T,, levels did exist in Lu,Sc, ,, Mg,Ga, 5i,0,,:0.02Cr™ so that the
phonon energy can transfer between these two levels by back-intersystem crossing/intersystem crossing
(blsc/lsc)"*!. The phonon-assisted emission was also present in the solid solution with x = 0.45, as shown in
Supplementary Figure 4. In addition, the PL decay also can be fitted with a bi-exponential function with a
reduced lifetime compared with that at 80 K due to the increasing portion of “T,,—*A,, emission during the
blsc process and more serious electron-phonon coupling. In the Cr-doped phosphor, weakening of the
crystal field strength caused by lattice thermal expansion with increasing temperature leads to a redshift in
the PL spectra. In LSMGS:Cr, however, the emission center with a larger Stokes shift will suffer more
serious thermal quenching, resulting in the 20 nm blueshift of the emission spectrum at high temperature,
which is common in disordered local crystal environment, such as Cr-doped glasses"”, which further proves
the disorder of the local structure in LSMGS:Cr. Even though the non-radiative transition to some extent
exists in the LSMGS:Cer, it still retains 75% at 423 K of the initial intensity measured at room temperature
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Figure 4. (A) Photograph and luminescence spectra of as-fabricated NIR pc-LED. (B) NIR output power and photoelectric efficiency of
pc-LED measured at current from 20 to 300 mA. (C) Photographs of bouquet under natural and NIR light captured by different
cameras. (D) Photographs of NIR light transilluminating human palm.

and maintains fine color stability [Figure 3D and Supplementary Figure 5], which benefits from the high
structural rigidity of the garnet.

In summary, the mechanism of [Mg*'-Si*'] co-substitution on the regulation of optical properties can be
qualitatively explained, as shown in Figure 3E and F. The [Mg*'-Si*'] chemical units not only introduce
more multiple local crystal environments but also reduce the energy level gap AE, between “T,, and °E,
which is closely related to the crystal field strength. Thus, the energy level thermal coupling enhances, which
allows part of the excited electrons at the °E level can also populate into the *T,, level through the back-
intersystem crossing process with increasing x and eventually leads to the transition from a short
wavelength sharp emission to a long wavelength broad emission. However, the weak crystal field strength
simultaneously causes the reduction of the thermal activation barrier AE,, which causes more serious
electron-phonon coupling and thermal quenching, thereby weakening the luminescence performance,
which is consistent with the results of the luminescence analysis and thermal stability [Figures 2E and 3A;
Supplementary Figure 6].

Application in a NIR pc-LED

To demonstrate the potential application of NIR pc-LEDs in night vision illumination and the penetrating
imaging of biological tissue, a broadband NIR pc-LED device was designed and fabricated using the
LSMGS:Cr (x = 0.6) phosphor on a blue light-emitting InGaN chip (440 nm), as shown in Figure 4A. The
NIR output power continuously increases with the drive current and reaches 90.3 mW at 100 mA.
Furthermore, the photoelectric efficiency of pc-LED drops from 8.73% to 5.74% due to the efficiency drop of
LED chips, as shown in Figure 4B. Figure 4C shows that a bouquet can be vividly captured by a NIR camera
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using a 720 nm long-pass filter under the non-visible illumination of the NIR pc-LED, which shows the
feasibility of its application in night vision. The veins of a human palm can be distinguished, as shown in
Figure 4D, using NIR light to penetrate and a NIR camera to capture, because NIR light has a good
penetrability through biological tissue and veins have a specific absorption of NIR light. This fundamental
demonstration indicates that the LSMGS:Cr phosphors can be potentially applied in machine vision and
non-destructive examination.

CONCLUSIONS

Broadband NIR phosphors Lu,Sc, ,, ,Mg,Ga, ,Si,0,,:0.02Cr*" (x = 0.0-0.9) with tunable emission were
successfully fabricated by a high-temperature solid-state method. The shrinkage of the crystal cell and pure
phase were verified by XRD analysis. By co-substituting [Sc**-Ga**] with [Mg*'-Si*'] chemical units in the
garnet host with high symmetry, the [CrO,] octahedra were distorted, thus breaking the inversion symmetry
and leading to the broadband “T,—*A, emission. Furthermore, the [Mg*-Si*'] pairs strengthened the
thermal coupling between the *T, and °E levels due to the weakened crystal field strength, resulting in both
sharp ZPL and broad emissions. Under 440 nm blue light excitation, the composition-optimized garnet-
type solid solution demonstrated an inhomogeneous widening NIR emission maximized at 765 nm, with a
large FWHM of 176 nm and highest EQE/Abs of 28.2 %/38.4% for the composition of x = 0.6 (Lu.Sc, ,, Mg,
Ga, Si,,0,,:0.02Cr*). The fabricated broadband NIR pc-LED showed a light outpower of 90.3 mW at
100 mA with a photoelectric efficiency of 7.5%, demonstrating its application potential in multiple fields.
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