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Developing novel broadband near-infrared (NIR) phosphors is crucial to promote NIR phosphor-converted
light emitting diodes (pc-LEDs) development. In this work, a new ultra-broadband NIR phosphor
Gd3;MgScGa,SiO,: Cr** (GMSGS) was achieved by replacing Sc3*-Ga®* in GdsSc,Gas0;, with Mg?*-Si*.
Under the excitation of blue light, the peak emission wavelength of GMSGS: 0.04Cr>" is about 820 nm with a
full width at half maximum (FWHM) of ~180 nm and an internal quantum efficiency (IQE) of 50 %. Benefited
from the superposition of Cr>* emission and highly efficient Yb>* emission excited by energy transfer (ET)

K ds:
Bz::;;a;d near-infrared from Cr**, the codoped GMSGS: 0.04Cr>*, 0.007Yb*>" phosphor shows an ultra-broadband of 300 nm.
NIR pc-LED Moreover, Yb**-codoping improves the thermal stability due to the ET from Cr>* to more thermally stable

Yb3* emitters, and the integrated intensity of GMSGS: 0.04Cr>*, 0.007Yb®" at 400 K was 63 % of that at room
temperature. The packaging results exhibit that ~20 mW output power was achieved at 100 mA input

Energy transfer
Garnet phosphor

current, which suggests promising potential of GMSGS: Cr**, Yb** phosphor in NIR pc-LED applications.

© 2022 Published by Elsevier B.V.

1. Introduction

Growing attention towards food safety and medical health is
stimulating a huge market demand for smart wearable devices and
portable optical devices with real-time monitoring capabilities
[1-3]. The near-infrared (NIR) light covers a wavelength range of
650-1400 nm. It has the characteristics of large penetration depth
and non-destructive in biological organisms, and can be applied to
biomedical fields such as blood oxygen monitoring, biometric
identification, vivo bioimaging [4-8]|. LEDs have the advantages of
small size, long lifetime and high luminous efficiency compared to
conventional tungsten and halogen lamps [9-13]. Unfortunately,
their narrow bandwidth (<50 nm) is not sufficient to meet the
broad-band emission requirements of NIR light sources. Inspired by
the white LED, the NIR light source obtained from the NIR phosphor
covered blue LED chip provides an idea to solve this problem

* Corresponding author.
E-mail address: yjsu@ustb.edu.cn (Y. Su).
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[14-16]. The key is to explore new long-wave broadband NIR
phosphors that can be effectively excited by blue LEDs.

Transition metal Cr3*-doped inorganic phosphors emerge from
the large number of rare earth doped phosphors due to its tunable
broadband emission [17-19]. The emission spectra of Cr** ions are
influenced by the crystal field environment, with a narrow band
emission around 690 nm controlled by the spin forbidden
(zEg—>4A2g) in the strong crystal field environment, and a broad band
emission with the spin-allowed *T,;—*A,, transition in the weak
crystal field environment [20,21]. By tuning the matrix crystal field,
Cr**-doped materials can achieve broadband absorption and emis-
sion, which are the preferred materials for NIR luminescence [22,23].
The garnet structure has attracted much attention in the white LEDs
phosphors for its excellent physicochemical properties [24,25]. For
example, Lin et al. reported garnet phosphors Ca,YHf,Al;045: Cr3*
with a peak wavelength of 775 nm and full-width at half maximum
(FWHM) of 137 nm [26]. Jiang et al. reported Y3(MgAl)(Al,Si)O12:
0.06Cr>* phosphor with a peak wavelength of 760 nm and FWHM of
160 nm [27]. Basore et al. reported GdsScy47AlgsGas0qo: 0.03Cr>"
phosphor with a peak wavelength of 756 nm and FWHM of 120 nm
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Table 1

Crystal field parameters and spectral parameters for Cr** in different garnet.
Phosphors Dy (cm™) B (cm™) Dg/B Wavelength (nm) FWHM (nm) IQE ( %) Reference
Gd3ScyGas0q,: Cr 1570 640 245 756 112 / This work
Gd3ScMgGa,SiOy,: Cr 1550 685 2.26 820 180 50 This work
Gd3ScMgGa,GeO4,: Cr 1558 660 2.36 805 163 / This work
GdsMg,GaGe,01;: Cr 1580 626 2.52 790 163 / This work
Ca,LuScGa,Ge,015: Cr 1460 741 1.97 800 150 / [31]
Ca,YHf,Al3015: Cr 1531 673 2.27 775 137 75 [26]
Ca,LaHf,Al3045: Cr 1457 787 1.85 780 141 33 [30]
CayLuyZryAl3045: Cr 1576 646 2.38 780 150 69 [29]
Ca,LuHf,Al3045: Cr / / / 785 148 / [39]
Y,CaSiAl4015: Cr 1647 678 2.43 744 160 75.9 [21]
La3ScyGas0q: Cr 1458 642 227 795 145 60 [32]

[28]. The co-doping of Cr**/Yb®* has been demonstrated to be an
effective strategy to further broaden the bandwidth due to the en-
ergy transfer from Cr>* to Yb>*. Zhang et al. reported Ca,LuZr,Al505:
Cr3*, Yb3* phosphor with a peak wavelength of 780 nm and an IQE of
69.1 %. The bandwidth was extended from 150 nm to 320 nm after
Cr3*/Yb3* co-doping [14,29]. Lin et al. reported Ca,LaHf,Al;01,:Cr3*
phosphor with a maximum peak located at 780 nm and an IQE of
33 %. The FWHM of the phosphor was extended from 141 nm to
300 nm after Cr3*/Yb>* co-doping [30].

As far as we know, almost all of the reported Cr>* doped garnet
NIR phosphors show emission wavelengths less than 800 nm and
the full width at half maximum (FWHM) less than 160 nm , making
it difficult to match the prepared pc-LEDs well with silicon-based
photodetectors, some representative garnet phosphors that have
been reported are listed in Table 1 [14,20,21,26,29-32]. Further re-
search is needed to explore novel NIR phosphors with ultra-broad-
band and long emission wavelength. In this paper, a new ultra-
broadband (FWHM = 180 nm) NIR Gd;MgScGa,SiO;,: Cr3* (GMSGS)
phosphor was achieved by replacing Sc3*-Ga3* in Gd3Sc,Gas04, with
Mg?*-Si**, with a peak wavelength of ~820 nm and a high IQE of
~50 %. After co-doping with Yb>*, the bandwidth of the phosphor
was extended from 180 nm to 300 nm. The effect of Mg?*-Si**/Ge®*
substitution on the structure and luminescence properties was dis-
cussed, which illustrates that Cr>* may enter two kinds of octahedral
lattices to increase the FWHM, since the ionic radii of Mg?* (0.72 A)
and Sc3* (0.745 A) are similar and larger than that of Cr** (0.615 A).
On the other hand, ion substitution weakens the crystal field ac-
cording to the redshift of the emission spectra. The luminescence
performance was analyzed based on energy transfer (ET). The
packaging results exhibited that 20 mW output power was achieved
at 100 mA input current.

2. Experimental

High-temperature solid-state method was used to prepare
GMSGS: Cr*", Yb3* phosphors. Gd>05(99.99 %), Sc;05(99.99 %), MgO
(99.99 %), Si05(99.9 %), Ge05(99.9 %), Gay03(99.99 %), Cr,05(99.99 %),
Yb,05(99.99 %) were used as raw materials. Various raw materials
were weighed according to stoichiometry. Mixing all raw materials
thoroughly and sintering at 1400 °C for 6 h with reducing atmo-
sphere 25 %H, + 75 %Ns. Finally, the naturally cooled phosphors were
crushed and tested for analysis.

The phase structure properties were measured by X-ray dif-
fractometer (Rigaku D/max-II B with Cu Ka radiation, operated at
40 kV and 20 mA). The diffraction pattern used for Rietveld analysis
was collected in the same way. Rietveld refinement was performed
by GSAS software. The excitation spectra, emission spectra, fluor-
escence lifetimes, temperature dependent properties, quantum ef-
ficiencies were all measured by an FLS-1000 fluorescence
spectrophotometer. The morphology and element mappings of the
as-prepared phosphors were measured with a field emission scan-
ning electron microscope. The photoelectric properties of the LED

were measured using a HAAS 2000 photoelectric measuring system
(350-1100 nm, EVERFINE, China).

3. Results and discussion
3.1. Garnet-type structural properties

A series of Gd3Mgm,SCs-mGas-mSimO12: Cr>* (m =0, 0.5, 1.0, 1.5, 2)
phosphors were prepared, and XRD patterns are displayed in Fig. 1a.
The XRD pattern of the Gd3Sc,Gas01,: Cr* (m = 0) corresponds well
with the standard card (PDF#88-1199). With the increase of Mg?*-
Si** pair, XRD diffraction peaks shift to larger 20 angles gradually due
to the smaller ionic radius of Mg?*-Si** (0.72-0.26 A) pair than that
of Sc3*-Ga3* (0.745-0.47 A) pair, showed in right inset. When m =2,
the lattice distortion caused by the radius difference is too large and
the hybrid phase appears, which is identified as SiO-. A similar trend
appears in the Mg?*-Ge** substituted GdsMgmSCs-mGas-mGemO12:
Cr**(m = 0, 0.5, 1.0, 1.5, 2) phosphors (Fig. 1b). The difference is at-
tributed to that the radius of Ge** (0.39 A) is similar to that of Ga>*
(0.47 A), so the pure GdsMg,Ga;Ge,04,: Cr3* phase was obtained.

Fig. 2a exhibits the X-ray diffraction (XRD) patterns of
Gd;MgScGa,Si0y,: xCr®* (GMSGS) (x=0.005-0.08). The XRD pat-
terns of all samples correspond well with the standard card
(PDF#85-0545), indicating that the prepared samples are pure
garnet phase and the doping of Cr>* didn't change the matrix crystal
structure. With the increase of Cr>* concentration, the XRD diffrac-
tion peak in 32-32.5° moves to a larger 20 angle gradually (right
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Fig. 1. XRD patterns of (a) GdsMgnScr-mGas-mSimO12: Cr** and (b)
Gd3Mg,Scs-mGas-mGem0q2: Cr3* (m = 0, 0.5, 1.0, 1.5, 2). Right inset shows the XRD
diffraction peak in 31-33°.
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Fig. 2. XRD patterns and crystal structure diagram of GMSGS: Cr®*. (a) XRD patterns of GMSGS: xCr>* (x =0.005, 0.01, 0.02, 0.04, 0.06, 0.08). Right inset shows the XRD diffraction
peak in 32-32.5°. (b) Rietveld refinement XRD pattern of GMSGS: 0.04Cr>*, (c) Crystal structure diagram of GMSGS: Cr>*.

inset of Fig. 2a). According to the Bragg's equation 2dsiné = n4, the
increase of the 6 indicates the decrease of the lattice crystal plane
spacing. The ionic radii of Cr**, Mg®* and Sc** are 0.615 A, 0.72 A and
0.745 A (CN=6, CN: Coordination Number) respectively. Since the
Cr®* ionic radius is smaller than that of Sc>* and Mg?* in octahedral,
the lattice crystal plane spacing decreases and the XRD peak moves
to a higher 26, which also proves that the Cr>* ions have been suc-
cessfully incorporated into the main lattice.

To obtain detailed crystal structure parameters, the Rietveld re-
finement of the GMSGS: 0.04Cr>* was carried out, PDF#85-0545 was
used as the initial model (Fig. 2b). The results show that the re-
finement converges to x> =1.64, Ry, =12.9 %, and Rp =9.5 %, re-
spectively. The cell parameters are a =b = ¢ =12.4355 A. These results
indicate that Cr** successfully enters the lattice. GMSGS: Cr>* be-
longs to the cubic crystal system with space group la 3d (No. 230),
and the crystal structure diagram is shown in Fig. 2c. The octahedral
structural unit is shown in green, and the tetrahedral structural unit
is shown in blue. Mg?*/Sc®* and Si**/Ga>* occupy the octahedral and
tetrahedral lattice sites, respectively. Mg2*/Sc* occupies the octa-
hedral center and coordinates with six 0% to form Mg?*/Sc3*-0*
octahedra. Si**/Ga3* occupies the tetrahedral center and coordinates
with four 0% to form Si**/Ga®"-0?" tetrahedra.

3.2. Morphology and element distribution

GMSGS: Cr3* phosphor appears pale green under natural light.
The SEM images of GMSGS: 0.04Cr>* are shown in Fig. 3a, the
phosphor particles are agglomerated and the diameter of one par-
ticle is about 5pm. Fig. 3b shows the atomic ratios of GMSGS:
0.04Cr>* phosphor, the atomic ratios of Gd, Mg, Sc, Ga, Si, O and Cr
elements are 23: 4.46: 4.88: 8.59: 4.12: 54.61: 0.34, which are ba-
sically consistent with the design atomic ratio of 3: 1: 0.96: 2: 1: 12:
0.04. This indicates that the weighed raw materials all enter the
design site. By comparing the element mapping in Fig. 3c, it can be
seen that the elements are evenly distributed in the phosphor.

3.3. Ultra-broadband emission and energy transfer

Fig. 4a, b show the emission and excitation spectra of Gd;Mg,
SC-mGas-mSimO12: 0.04Cr>" and GdsMgSco-mGas-mGemO1o: 0.04Cr>*
(m=0,0.5,1.0,15, 2). It can be seen from the figure that the excitation
spectra contain two excitation bands located in the blue light region at
~450 nm and the red light region at ~650 nm, indicating that phos-
phors can be effectively excited by blue and red light. These two ex-
citation bands correspond to the *Ayg—*T;; and *Ayz—*To, transitions,
respectively. Under blue light excitation, the emission spectra show
near-infrared (700-1100 nm) broadband emission, which is attributed
to the *Tpq—*Ay, transition of Cr** from the excited to the ground state.
With increasing Mg?*-Si** content (m), the peak emission wavelength
of GdsMgmScs-mGas-mSimO12: 0.04Cr3* changes from 756 to 820 nm
and the spectra blue shift from 820 to 792 when m changes from 1 to
2( Fig. 4d). The FWHM shows similar trend and reachs 180 nm when
m=1. As for GdsMgmSCcs-mGas-mGem01,:0.04Cr>*, the GdsMgScGa,
GeOq2: Cr’" (GMSGG) also shows a broadband emission (FWHM =
163 nm) with a peak wavelength of ~805 nm. When the value of m
continues to increase, the wavelength and FWHM remain essentially
unchanged (Fig. 4e).

Fig. 4c shows the gaussian curve fitting of GMSGS: 0.04Cr>*. The
emission band can be divided into two emission peaks by gaussian
fitting, with peak wavelengths of 11672.9cm™ (856.7nm) and
12686.7 cm™! (788.2 nm), respectively. This indicates that there are
two luminescent centers in GMSGS. The luminescence of Cr** in the
garnet structure always comes from the octahedral position. In
GMSGS, Mg?* and Sc®* occupy the octahedral lattice position to-
gether. Considering that the radius of Cr>* is similar to that of Mg?*
and Sc3*, we believe that Cr3* ions substitute the positions of Mg?*
and Sc* in the octahedron simultaneously [33]. It is shown that the
overlapping of multiple luminescent centers emission bands can
effectively broaden the emission bands [14,34,35].

The position of emission spectrum of Cr>" is closely related to the
crystal field environment, and the crystal field environment can be
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Fig. 3. The microstructure and elements distribution of GMSGS: 0.04Cr>"*. (a) SEM image and (b) Atomic ratios of GMSGS: 0.04Cr>*. (c) EDS elemental mapping images of the

GMSGS: 0.04Cr** sample.

estimated by the ratio of the octahedral crystal field parameter D, to
the Racah parameter B [36-38]. The crystal field parameters and
spectral parameters of the reported garnet type broadband NIR
phosphors are counted in Table 1. Gd;ScMgGa,SiO1,: 0.04Cr>" in this
work shows a weak crystal field environment, the longest emission
wavelength and the largest FWHM.

Fig. 5a shows the emission spectra of GMSGS with different Cr>*
concentrations. With the increase of Cr*>* doping concentration, the
peak wavelength of the emission spectra gradually shifts toward the
long-wave direction. The increased reabsorption between Cr** due
to the increase of Cr>* concentration dominances the red-shift of the
emission spectra [21,40|. Meanwhile, the luminescence intensity
gradually increased with increasing Cr* concentration, and the in-
tensity reached the maximum at x =0.04, with an IQE of 50 %, fol-
lowed by concentration quenching.

The interaction type between Cr>* can be obtained by the Eq. (1):

B K
1+ B (1)

where x is the doping concentration, I is the luminescence intensity
of the sample at x doping concentration, Kand 8 are constants under
the same excitation conditions. 6 = 3 represents the energy transfer
between the nearest neighbor ions, and 6=6, 8, 10 corresponds to
the dipole-dipole, dipole-quadrupole and quadrupole-quadrupole

I/x

interactions, respectively [41]. A plot of log (I/x) versus log (x) is
given in Fig. 5b, and after a linear fitting, the slope of the line is
-0.88 and 0 =2.64, which is closest to 3. Accordingly, energy transfer
between near-neighbor ions is the main concentration quenching
mechanism for GMSGS: xCr3*,

Due to the effect of energy transfer (ET) between Cr*>* and Yb*",
the luminescence intensity of Cr>* decreases with the increase of
Yb?* concentration. Fig. 6a gives a schematic diagram of Cr3*/Yb>*
energy transfer, when Cr’* is excited by 450 nm light, the 4T1g and
4’T2g excited states returns to 4A2g, showing broadband NIR emission
at 820 nm. At the same time, Cr>* in the excited state transfers en-
ergy to the °Fs, energy level of Yb**, and when Yb®* returns to the
ground state, emitting narrow-band NIR light at 971 nm.

The emission spectra of GMSGS: 0.04Cr>*, yYb®* with different
Yb®* concentrations are given in Fig. 6b. With the increase of Yb3*
doping concentration, the intensity of the Cr>* keeps decreasing,
while the intensity of the Yb®" keeps increasing. Since the 450 nm
excitation light cannot directly excite Yb>* ions, ET can well tune the
near-infrared intensity from Cr>* to Yb>* at 900-1100 nm. The co-
doping of Yb3* further increases the bandwidth of the GMSGS:
0.04Cr3*, 0.007Yb*" emission spectrum to 300 nm. To investigate the
ET process of Cr>*—Yb>*, we measured the average lifetime of Cr>* at
different Yb®" doping concentrations, and the decay curves are
shown in Fig. 6¢. The lifetime decay curves of Cr>* can be well fitted
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by the double exponential Eq. (2), which is consistent with the
analysis on doual luminescence centers:
1(t) = Biexp(~t/m) + Bexp (~t/n) 2)
where [(t) is the real-time luminescence intensity of the sample, t is
the time, B; and B, are the fitting constants, and 5 and » are the
decay times of the fast and slow exponential components, respec-
tively. The average lifetime (t*) can be calculated by Eq. (3):

_ B]T12 + Bz‘L'zz
Big + By

*

3)

The average lifetime of Cr>* was calculated to decrease gradually
with the increase of Yb** doping concentration, with t = 51.7us for
y=0 and t = 45us for y=0.007.

The ET efficiency of Cr3*=Yb>* can be calculated according to Eq.
(4) based on the decay time of Cr3* [42].

T
UET=]—_
0

(4)

where 7 is the ET efficiency, 7 is the decay time of single doped
Cr3*, and 7 is the decay time after co-doping with different con-
centrations of Yb3*. The ET efficiency of different concentrations of
Yb>* is shown in Fig. 6d, and the ET efficiency increases with the
increase of y. ngr = 12.9% for y = 0.007. Consequently, the co-doping
of Yb®>" can broaden the emission spectrum due to the presence
of ET.

3.4. Thermal quenching performance

The thermal stability of phosphors is a critical property for ap-
plication to pc-LEDs due to the thermal accumulation of the device
during operation. To investigate the thermal quenching properties of
GMSGS: Cr3*, Yb3* phosphors, we measured the emission spectra of
GMSGS: 0.04Cr3*, GMSGS: 0.04Cr>*, 0.003Yb** and GMSGS: 0.04Cr>",
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0.007Yb>* phosphors at 80-500 K with a measurement interval of
30 K. The measurement results as shown in Fig. 7a~c.

As can be seen from th
of these samples decrease

e figure, the photoluminescence intensity
s with increasing temperature due to the

increase of non-radiative transitions. Notably, in the low tempera-
ture range (80-200K), the emission spectra show a sharp R-line at
694 nm, and the intensity of the R-line gradually decreases until it
disappears after the temperature continues to increase, which is
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Fig. 7. Temperature dependent PL properties of GMSGS: Cr>*, Yb>* phosphors. (a) GMSGS: 0.04Cr>*. (b) GMSGS: 0.04Cr>*, 0.003Yb>*. (c) GMSGS: 0.04Cr>*, 0.007Yb>*. (d) The
schematic configurational coordinated diagram of intermediate crystal field. (e) Temperature dependence of the total emission intensity. (f) Linear fitting In (lo/It) versus 1/KT of

the GMSGS: 0.04Cr>* phosphor.
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typical of Cr>* intermediate crystal field emission [32,33,43]. The
spectral shape is closely related to the Cr3* crystal field strength.
According to the Tanabe- Sugano energy level diagram [44,45], 2Eg is
the lowest excited state in the strong crystal field environment,
while the transition of Eg to the ground state *A,, is spin-forbidden
and shows sharp line emission. In the weak crystal field environ-
ment, “T, is the lowest excited state energy level, and the transition
of #Tg to the ground state A, is spin-allowed, showing broad-band
emission. Under low temperature conditions, Cr>* is in a inter-
mediate crystal field, resulting in the coexistence of R-line and
broad-band emission [46,47], as shown in Fig. 7d.

Fig. 7e shows the total emission intensity of the three samples at
different temperatures. The thermal stability of the samples gradu-
ally increases with the increase of Yb®* concentrations. The emission
intensity of GMSGS: 0.04Cr>* decreases rapidly with increasing
temperature under 450 nm excitation and decreases to 40 % when
the temperature is heated to 400 K, which indicates a poor thermal
stability. After codoping Yb®*, the integrated intensity of GMSGS:
0.04Cr>*, 0.007Yb>* phosphor at 400K is about 63 % of the intensity
at room temperature. This suggests that the thermal quenching of
Cr®* emission has a competitive relationship with the ET from Cr3* to
Yb3* [48]. Due to the existence of both thermal quenching and en-
ergy transfer of Cr®*, the thermal stability of Yb>* is better than that
of Cr**. When a closed Cr>*-Yb®" pair during energy transfer is
formed, energy can be transferred to Yb®* quickly and Cr3* thermal
quenching in the Cr3*-Yb3* pair is prevented. As a result, the thermal
stability is enhanced [29,30,49]. Obviously, the introduction of Yb**
greatly suppressed the thermal quenching behavior of GMSGS:
0.04Cr>* phosphors, which is of great significance for the application
of GMSGS: Cr3*, Yb3* phosphors in LEDs.

To further understand the thermal quenching properties of
GMSGS: 0.04Cr>* phosphor, we obtained the activation energy (AE)
of the sample according to the Arrhenius equation.

[
"™ 1+ Cexp(—AEJKT) (5)

where I1 is the emission intensity of the sample at temperature T, Iy
is the initial emission intensity, k represents the Boltzmann constant
(8.617 x107° eVK™!), and C is a constant. AE is the activation energy,
which can be obtained by linearly fitting In (Ip/Ir) with 1/KT. Fig. 7f
shows the linear fitting In (lo/Ir) versus 1/KT. It can be seen that the
scatter can be well fitted by two straight lines, located in the low
temperature region and the high temperature region, respectively.
This indicates that the low-temperature region and the high-tem-
perature region have different thermal processes, and the slope of
the straight line in the high-temperature region is much larger than
that in the low-temperature region, i.e., the high-temperature region
has a larger activation energy. The temperature-dependent intensity
of the multiple thermal processes can be expressed by the Eq. (6).
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_ lo
T 1+q exp(—EJkT) + ¢ exp(—EkT) (6)

Ir

where E is the activation energy of the low temperature process and
E, is the activation energy of the high temperature process. The
calculated activation energy of the low-temperature process of
GMSGS: 0.04Cr>* phosphor is 0.06 eV, which is lower than that of
the high-temperature process (0.18 eV). The activation energy of the
low-temperature process (E;) is a thermal quenching phenomenon
caused by a nonradiative transition at the intersection of the excited
and ground states, while the high-temperature process (E;) should
be a thermal ionization process [14,31].

3.5. NIR-pc-LED applications

To assess the practical application value of GMSGS: Cr**, Yb3*
phosphors, we coated GMSGS: 0.04Cr>* and GMSGS: 0.04Cr3*,
0.007Yb>* phosphors on a 460 nm blue chip and prepared NIR-pc-
LEDs. The electro-optical conversion efficiency of blue LED chip is
42.5 % at a forward bias current of 20 mA and a voltage of about
2.59V. The electroluminescence spectra of GMSGS: 0.04Cr>" and
GMSGS: 0.04Cr?*, 0.007Yb>* phosphors at a forward bias current of
100 mA and a voltage of about 2.6 V are shown in Fig. 8a and c, re-
spectively.

The output power and electro-optical efficiency of NIR LED de-
vices fabricated from GMSGS: 0.04Cr** and GMSGS: 0.04Cr’*,
0.007Yb>* phosphors at different input power are given in Fig. 8b
and d. The output power of NIR emission (700-1100 nm) increases
with increasing current, indicating that the output power of NIR LED
devices are relatively stable to current [17]. The output power of the
NIR LEDs prepared by GMSGS: 0.04Cr>* and GMSGS: 0.04Cr3*,
0.007Yb3* was 20 mW and 19.5 mW, respectively, when the driving
current was 100 mA. This is due to the improvement of the overall
emission efficiency in the near infrared after co-doping of Yb>". Since
Yb>* has higher luminescence efficiency, the luminescence efficiency
of phosphor will be significantly enhanced when co-doped with
Yb?*, which is a commonly used method to enhance the lumines-
cence efficiency of Cr3*-doped NIR phosphor [29,30,50]. The electro-
optical conversion efficiencies of the NIR LED devices fabricated with
GMSGS: 0.04Cr** and GMSGS: 0.04Cr>*, 0.007Yb*" phosphors de-
creased with increasing current, and the electro-optical conversion
efficiencies were 7.7 % and 7.52 %, respectively, when the driving
current was 100 mA. The decline of efficiency is mainly due to the
so-called “efficiency droop” of the LED chip under large driving
current [28]. Considering that the prepared pc-LEDs show relatively
long peak wavelengths (~820nm) and extremely wide FHWH
(180 nm) in the NIR spectral region, GMSGS: Cr>*, Yb>* phosphors
have a promising application in NIR LEDs.
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Fig. 8. Electroluminescence spectra of the NIR pc-LEDs fabricated by (a) GMSGS: 0.04Cr>*, (c) GMSGS: 0.04Cr>*, 0.007Yb>* at 100 mA drive currents. The insets are the pc-LEDs and
the lighted LED devices. The light output power and electro-optical efficiency of the NIR pc-LEDs fabricated by (b) GMSGS: 0.04Cr>*, (d) GMSGS: 0.04Cr>*, 0.007Yb?" as a function

of input power.
4. Conclusion

In summary, a series of GdsMg,SC>-mGas-mSimO12: 0.04Cr>* and
Gd3MgmScs-mGas-mGemO1o: 0.04Cr3* (m = 0, 0.5, 1.0, 1.5, 2) broad-
band NIR phosphors were prepared by high-temperature solid-state
method. By replacing Sc*-Ga®* in GdsSc,Gas0q, with Mg?*-Si%*,
GMSGS: Cr3* achieves a broadband emission centered at ~820 nm
with a FWHM of ~180 nm. The GMSGS: 0.04Cr>*, 0.007Yb>" phos-
phors show bandwidth of 300 nm covering 700-1100 nm spectral
range due to the superposition of Cr** and Yb>* emission bands. The
thermal stability was also improved notably, which was attributed to
the suppression of thermal quenching by energy transfer. The output
power of the NIR LEDs prepared by GMSGS: 0.04Cr>*, 0.007Yb>*
shows 19.5 mW output power with 7.52 % electro-optical conversion
efficiencies at 100mA. The new developed GMSGS: Cr3*, Yb**
phosphors exhibit a promising potential in NIR pc-LED applications.
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