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ABSTRACT: Broadband near-infrared (NIR) phosphors are the critical
component of phosphor converted NIR light-emitting diode (LED) light
sources. However, there are still a lack of NIR phosphors with excellent
external quantum efficiency (EQE) and thermal stability. Here, we report a
highly efficient broadband NIR phosphor Y;Ga;MgSiO,: Cr’*. The
optimized phosphor yields an internal quantum efficiency (IQE) and an
EQE of 79.9 and 33.7%, respectively. The integrated emission intensity still
remains at 84.4% of that at room temperature when heated to 423 K. A
broadband NIR LED lamp was made by combining as-prepared phosphor
and a blue InGaN LED chip, which shows an output power of 89.8 mW
with a photoelectric conversion efficiency of 17.1% driven at 525 mW input
power. Our research provides a promising NIR phosphor with high
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efficiency broadband for the NIR light source.

1. INTRODUCTION

Broadband near-infrared (NIR) light sources are playing an
important role in brain imaging, palmprint identification,
biological sensing, food composition analysis, etc., and are
attracting increasing attention.' ™ However, traditional infra-
red light sources (e.g., incandescent lamp and tungsten halogen
lamp) suffer from the shortcomings of large size, low efficiency,
and limited lifespan, which cannot meet the commercial
application demands.*”® The newly developing NIR light-
emitting diodes (LEDs) offer a long service life, high
conversion efficiency, and small size, but the full width at
half maximum (FWHM) of their emission bands is typically
less than S0 nm, limiting their applications.”® Inspired by white
LEDs, NIR phosphor converted LEDs (NIR-pc-LEDs)
provides a good solution to this problem, which possesses
the advantages of compactness, low pollution, long lifetime,
and competitive price.””'* Moreover, it can be combined with
various NIR phosphors to satisfy the demands of potential
fields. NIR phosphors act as an essential component of NIR-
pc-LEDs. As a result, one of the most difficult issues in
promoting the further development of NIR light sources is to
produce high emission efficiency and outstanding thermal
stable NIR phosphors."’

The transition metal Cr*" ion is an ideal NIR luminescence
activator as its excitation band matches favorably with the
emission band of commercially available blue InGaN LED
chips.”'* The spectral properties of Cr’" are strongly
dominated by the crystal field (CF) environment of the host
lattice. Due to the spin forbidden (2Eg - 4A2g) transition, Cr**
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exhibits a narrow sharp line at about 696 nm when it is in a
strong CF environment."”'® When Cr** is in a wake CF
environment, it exhibits broadband emission at 650—1200 nm,
which is associated with the spin-allowed 4T2g — 4A2g
transition.'” ™" After years of research, researchers have
reported that Cr’* can emit red and NIR light in many
hosts, such as GdAL(BO,),: Cr** (broad band, A, = 740
nm),”’ La,MgZrOg: Cr** (broad band, A, = 825 nm),”
KAIP,0.: Cr** (broad band, ., = 790 nm),”* LiInSi,O4: Cr**
(broad band, 4, = 840 nm),” Y;MgALSiO,,: Cr** (broad
band, A, = 760 nm),*”* etc. Among them, garnet is considered
as an excellent host due to its typically large band gap, which
can suppress the electron-phonon coupling (EPC) of Cr’* to
the host lattice.”” ™’ Cr**-doped garnet NIR phosphors have
been widely studied, and a series of high internal quantum
efficiency (IQE) and thermal stable NIR phosphors have been
reported (Table 2). However, the external quantum efficiency
(EQE) of the developed phosphors is usually low, which is
essentially due to the low photon-absorbing efficiency of the
parity-forbidden d—d transition of Cr**.”*”*' Discovering
broadband NIR phosphors with high EQE is of significant
importance for NIR spectroscopic applications.
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Figure 1. (a) XRD patterns of YMGSG: xCr** (x = 0.005—0.08). (b) Rietveld refinement XRD pattern of YMGSG: 0.04Cr>". (c) Crystal structure
of YMGSG: 0.04Cr*. (d) SEM images and elemental mapping of YMGSG: 0.04Cr>".

In this work, the garnet Y;Ga;MgSiOy,: Cr'* (YMGSG:
Cr**) NIR phosphor is studied in detail, which is obtained by
replacing Ga**—Ga** with Mg?*—Si*" in the Y;Ga;O;, garnet
structure, where Cr** occupies the [Ga/MgOy] octahedron.
The optimized YMGSG: 0.04Cr’* shows a good thermal
stability (84.4%@423 K) attributed to the large band gap (5.61
eV) and the weak coupling of Cr’* with the YMGSG host.
Meanwhile, owing to the high blue light absorption efficiency
(42.2%), it leads to a high EQE of 33.7% for YMGSG:
0.04Cr’*. The packaged NIR LED device realizes a high output
power of approximately 89.8 mW with an input power of 525
mW. These results indicate that YMGSG: 0.04Cr*" phosphor
has great potential for spectral applications.

2. MATERIALS PREPARATION AND
CHARACTERIZATION

The phosphors were synthesized by the conventional solid-state
reaction method. The design of the phosphors follows the chemical
formula YMGSG: xCr** (x = 0.005—0.08). Y,0; (99.99%), Ga,04
(99.99%), MgO (99.99%), SiO, (99.9%), and Cr,05 (99.99%) were
taken as raw materials. First, the oxides of each component are
accurately weighed according to the chemical formula and mixed
thoroughly. The mixture was then put in a corundum crucible and
heated to 1400 °C in a muffle furnace for S h. The desired phosphors
are obtained as it cools to room temperature.

The X-ray diffraction spectrum was carried out by the Bruker D8
ADVANCE X-ray diffractometer equipped with a LynxEyeXE-T
detector operating at 40 kV and 40 mA. Rietveld refinement was
conducted by GSAS software. The diffuse reflection (DR) spectra
were collected by a UV—vis—NIR spectrophotometer (PE lambda
750). The photoluminescent excitation (PLE), emission (PL) spectra,
thermal quenching properties, and decay curves were collected and
recorded by the Edinburgh FLS-1000 fluorescence spectrophotom-
eter. The IQE/EQE was recorded by an absolute PL quantum yield
measurement system (Quantaurus-QY Plus C13534-12, Hamamatsu
Photonics). The scanning electron microscopy (SEM) images and
component elemental maps were measured by Gemini300 equipped
with an Oxford accessory. The output power of the prepared LED was
measured by the HP8000 LED fast-scan micro-spectrophotocolorim-
eter (Hopoo Optoelectronics Co., Ltd.). Visible photos were taken by
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a smartphone, and NIR photos were taken by using a USB NIR
camera (Shenzhen Zhongweiaoke Technology Co. Ltd., 1080 P,
700—1100 nm).

3. RESULTS AND DISCUSSION

3.1. Crystal Structure and Morphology. Figure 1la
displays the X-ray diffraction (XRD) patterns of YMGSG:
xCr** (x = 0.005—0.08). All the patterns match well with the
standard card (ICSD#14343), which means that we obtained
the pure garnet phases. To further investigate the crystal
structure of as-prepared phosphors, Rietveld refinements were
performed as shown in Figure 1b. The results indicate that the
crystal structure of YMGSG: Cr** is cubic, Ia3d (no. 230)
space group (Table 1). The residual factors are y* = 2.4, R, =

Table 1. Crystallographic Data of YMGSG: 0.04Cr**

x value x = 0.04
crystal system cubic
space group Ia3d
lattice parameters

a/b/c (A) 12217
a/p/y (deg) 90

cell volume (A%) 18234
R, 6.87
R, 524

Ve 24

5.24%, and R, = 6.87%, respectively, suggesting the reliability
of the refined structural model, confirming the prepared
phosphor has a pure garnet phase. The atomic positions are
listed in Table S1.

Figure 1c shows the Rietveld refinement crystal structure of
YMGSG: 0.04Cr**. In the cubic garnet crystal, Y, Ga(;)Mg,
Ga(,)Si occupy dodecahedra, octahedra, and tetrahedra
respectively. It has been shown that Cr** (CN = 6, CN:
coordination number) has an ionic radius of 0.615 A, and it
prefers to occupy an octahedral position. The SEM image and
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Figure 2. (a) DR, PLE, and PL spectra of YMGSG: 0.04Cr*". (b) Tanabe—Sugano energy level diagram of Cr*" ions with octahedral coordination.
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Figure 3. (a) Emission spectra, (b) PL intensity, FWHM and (c) decay times of YMGSG: xCr** (x = 0.005, 0.01, 0.02, 0.04, 0.06, 0.08). (d) IQE

and EQE of YMGSG: 0.04Cr**.

elemental mapping of YMGSG: 0.04Cr’" are depicted in
Figure 1d. The phosphor shows irregular shape, and the
particle size is about 3 pm. All elements are uniformly
distributed on the particle surface.

3.2. Photoluminescence Properties. Figure 2a illustrates
the DR, PLE, and PL spectra of YMGSG: 0.04Cr*". The DR
spectrum shows two significant absorption bands at 438 and
622 nm, which corresponds to the 4Azg — *T,, and *A,, —
4T2g transitions of Cr’* of PLE spectra, respectively. In the PLE
spectrum, the positions of the excitation peaks are consistent
with the absorption peaks in the DR spectrum. The sample
emits a broadband spectrum (FWHM = 162 nm) centered at
782 nm after being excited by 438 nm light. The broadband
NIR emission is derived from the 4T2g - 4AZg transition of
Cr’* in the weak octahedral CF. In addition, a weak sharp line
emission peak at 696 nm caused by ZEg—4A2g transition can be
detected in all spectra.

The energy level diagram of Cr’* ions with octahedral
coordination can be well expressed by Tanabe—Sugano
(Figure 2b).*> The spectral properties of Cr** are intensely
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affected by the intensity of the CF, and it can be determined by
the CF strength Dq and Racah parameter B (eq 1).”%*>**

10Dq = Ea(Zg)

b _ 15-(x — 8)
B x> — 10-x

Dx = E,(4T,) — E,(‘Tyy) (1)

where Ea(4T1g) and Ea(4T2g) stand for the energy positions of

4T,; and 4Ty, The relationship between Stokes shift and
bandwidth was also considered, and Ea(Zg) was determined as

the average of the peak energies of the 4AZg - 4T 2¢ €Xcitation
band and 4T2g - 4AZg emission band in this work. It is
generally considered as a strong CF when Dg/B > 2.3, and a
weak CF when Dq/B < 2.3. As shown in Figure 2b, when Dgq/
B < 2.3, the *T, level lies in the lowest excited state. The *T,
and *A, energy levels have different electronic configurations,
and the *T, energy level is strongly coupled to the host lattice,

https://doi.org/10.1021/acs.inorgchem.2c04319
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Table 2. PL Properties of Cr** Doped NIR Phosphors
phosphors Aem (nmM) Lpsk (%) FWHM (nm) IQE (%) EQE (%) refs
Y3Ga3MgSiO12: Cr 782 84.4 162 79.9 33.7 this work
Ca2LuZr2A13012: Cr 780 60 117 69.1 315 29
Ca;8¢28i3012: Cr 770 97.4 100 92.3 25.5 40
GdyZngsGas ;GeggO 1yt Cr 800 40.2 202 79.6 312 1
CaLu2Mg28i3012: Cr 755 92.1 120 485 20.7 25
Gd,Sc, sAl.5Ga3012: Cr 756 86 120 91 41
KGaP,0,: Cr 815§ 56 127 74.4 333 42
LiInSi,O4: Cr 840 77 143 75 23
AIP;09: Cr 780 91 120 76 20
CaMgGe206: Cr 845 160 84 30 39
Ca3Y2Ge3012: Cr 800 <42% 81 10 43
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Figure 4. (a) Temperature dependent PL spectra of YMGSG: 0.04Cr** form 303 to 483 K. (b) DR spectra of YMGSG host and calculation value
of the E,. (c) Normalized total emission intensity versus the heating temperature. (d) Schematic diagrams of Cr** energy levels in the YMGSG

host.

resulting in spin-allowed broadband emission of ‘T, — *A,
transition. The Dgq/B of YMGSG: 0.04Cr** is calculated to be
2.01, which is smaller than 2.3. Thereby the transition of *T,
— *A, shows a broadband emission.

The normalized PLE spectra at different Cr’* doping
concentrations are given in Figure S1. The excitation peak
positions changes slightly as the doping concentration
increases, leading to the difficulty of determining the changes
in CF by calculation. Figure 3a shows the PL spectra of
YMGSG: xCr** (x = 0.005—0.08) phosphors excited by 438
nm. With increasing doping concentration, a redshift (~20
nm) of the emission spectrum was observed. The x = 0.04
sample exhibits the best PL intensity. In addition, the FWHM
expands with increasing Cr’* concentration, indicating the
enhancement of the electron-lattice coupling effect (Figure
3b).

As we all know, Cr** (0.615 A) prefers to occupy Ga(1)/Mg
(0.62/0.72 A) in octahedral position. The substitution of
either Ga(1) or Mg will lead to lattice shrinkage, thus resulting
in an increase in the CF intensity with increasing Cr®*
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concentration, which is contradicted with the redshift of the
PL spectra. This phenomenon also occurs in the Cr**-doped
Y,In,_,Ga;0;, phosphor.® This is mainly attributed to the fact
that the formation of Cr**—Cr’** ion pairs will induce energy
level splitting with increasing Cr** concentration, then leads to
a redshift in the PL spectra. In addition, energy transfer
between Cr** ions and Stokes shift could also lead to a non-
negligible spectral redshift of the luminescent material**~>*
With increasing Cr’* concentration, the monitored decay
lifetime decreases gradually from 103 to 57.4 us, which is
mainly caused by the concentration quenching.’”*’

Figure 3d shows the IQE and EQE of YMGSG: 0.04Cr’*.
The IQE of YMGSG: 0.04Cr’* is 79.9%. The EQE is
calculated to be 33.7%, which is better than most NIR
phosphors reported in recent years (Table 2); the calculation
process can be found in equation S1—SS in Supporting
Information. After doping with Mg—Si, octahedra undergo
expansion, while tetrahedra appear to shrink (Figure S2).
Thus, the high absorption efficiency may be caused by the

https://doi.org/10.1021/acs.inorgchem.2c04319
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Figure 5. (a) Electroluminescence spectra of the NIR-pc-LED fabrited by YMGSG: 0.04Cr**. (b) Output power and photoelectric conversion
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distortion around the Gal site to break the parity-forbidden
transition of Cr**.>*

3.3. Temperature-Dependent Luminescence. Figure
4a shows a contour map of the temperature dependent
emission spectra over the temperature range 303—483 K. The
integrated emitting intensity decreases gradually as the
temperature increases, and the integrated emitting intensity
of YMGSG: 0.04Cr*" still maintains 84.4% of that at room
temperature (303 K) when heated to 423 K (Figure 4c).
Compared with some recently reported Cr’*-activated garnet
NIR phosphors, YMGSG: 0.04Cr** shows comparable thermal
stability (Table 2).

The thermal quenching behavior of phosphors is closely
related to the electron-phonon coupling, band gap of host, and
so forth.>> The spectral profile (shape, FWHM, and peak
wavelength) of the emission spectrum remains almost constant
with increasing temperature (Figure S3). This indicates that its
electron-phonon coupling effect is extremely weak. In addition,
a common index for assessing the thermal stability of
phosphors is activation energy (AE), which can be calculated
by Arrhenius equation (Equation $6)**** The AE of YMGSG:
0.04Cr’" is calculated to be 0.34 eV (Figure S4), which is
slightly larger than the value of CaLu,Mg,Si;0,: Ccr? (0.322
eV) and Ca;8c,Si;0y,: Cri** (0.336 €V), implying its good
thermal stability. Moreover, the band gap of the YMSGS host
is calculated as 5.61 eV by the DR spectrum (Figure 4b). This
value is much larger than that of most Cr’* activated NIR
garnet phosphors, such as CaLu,Mg,Si;0;,: Cr** (5.17 €V),*
Y,In,Ga;,0,,: Cr** (4.98 eV),* and Gd, ;Luy4Ga,AlO,,: Cr**
(4.34 eV).” Such a wide band gap ensures that the “T)q and
4T2g energy levels are farther away from the conduction band
(Figure 4d), thus suppressinsg the thermal ionization process
and nonradiative relaxation.”

3.4. NIR-pc-LED Lamp Fabrication. To demonstrate the
application of YMGSG: 0.04Cr** in NIR light sources, we
fabricate a NIR-pc-LED device using the prepared phosphors
packaged with blue LEDs. Figure Sa displays the electro-
luminescence spectra of the devices. Figure 5b presents the
output power and photoelectric conversion efficiency against
input power. The NIR output power increases with increasing
input power, while the photoelectric conversion efficiency
decreases gradually. The decrease in photoelectric conversion
efficiency is attributed to the decreasing efficiency of the blue
LED."" When the input power is 525 mW (2.92 V, 180 mA),
the NIR output power and the photoelectric efficiency of the
NIR pc LED are ~89.8 mW and 17.1%, respectively. The NIR
output power and photoelectric conversion efficiency of the
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NIR pc LED are better than most previously reported
photovoltaic performance of Cr’*-doped garnet phosphors
(Table S2). Figure Sc demonstrates the application of the as
prepared NIR light source for imaging. The NIR camera
captures the shape of the teapot and the characters on it when
illuminated by the NIR light source. The red logo turns black-
and-white because it is out of the NIR camera’s acceptance
range. These results indicate that the developed YMGSG:
0.04Cr*" phosphor is a promising candidate material for NIR-
pc-LEDs.

4. CONCLUSIONS

To summarize, we report a newly developed, high-efficiency,
thermally stable YMGSG: Cr** phosphor with broadband NIR
emission. The phosphor emits a broadband spectrum (FWHM
= 162 nm) centered at 782 nm after being excited by 438 nm
light. Benefiting from the large band gap and the weak coupling
of Cr’* with the YMGSG matrix, the optimized YMGSG:
0.04Cr** shows a good thermal stability (84.4%@423 K).
Meanwhile, owing to the high blue light absorption efficiency
(42.2%), it leads to a high EQE of 33.7% for YMGSG:
0.04Cr*". Finally, we fabricate the NIR-pc-LEDs using the as-
prepared phosphor and evaluate its performance. The NIR
output power and photoelectric conversion efficiency of the
lamp are as high as 89.8 mW and 17.1% at an input power of
525 mW, demonstrating that it is a promising candidate
phosphor for broadband NIR-pc-LEDs.
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