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NIR spectroscopy. Phosphor-converted 
light-emitting diodes (pc-LEDs), a mature 
solid-state lighting technology in white 
(visible) lighting,[6–9] have been recently 
demonstrated to be a superior choice for 
miniature NIR spectrometers as they pos-
sess broadband NIR emission with a very 
large full width at half maximum (FWHM 
> 300  nm), besides small size and low 
cost.[10,11] In this strategy, broadband NIR 
light is solely emitted by the phosphors 
encapsulated on LED chips, preferably 
blue LED chips, and therefore the lumi-
nescence properties of NIR phosphors 
determine the final device performance to 
a large extent. Moreover, large quantum 
defect (≈45%) in the light conversion 
from blue to NIR inevitably leads to huge 
heat generation in NIR pc-LEDs,[12] which 
poses a great challenge for generating 

high-power broadband NIR emission. Therefore, tremendous 
efforts have been made to develop broadband NIR phosphors 
with high quantum efficiency (QE) and excellent thermal 
stability.[13–19]

Despite recent progress in developing NIR phosphors, for 
instance, single-phase ultra-broad emission band (FWHM > 
200  nm)[20–22] and new NIR emitting ions,[23–25] high internal 
QE (IQE) was achieved only in the spectral range of 650 to 
800 nm.[15] Owing to the strong coupling of d orbital with the 
host lattice, broadband NIR emitting ions, for example, Cr3+, 
Bi3+, and Eu2+, suffer from intense thermally activated non-
radiative relaxations after optical excitation; thus the phosphors 
doped with them usually show low IQE and severe thermal 
quenching as their emission wavelength shifts to long-wave-
length, especially larger than 900  nm.[26] In contrast, trivalent 
ytterbium ion (Yb3+) is not only a famous sensitizer in upcon-
version systems,[27,28] but also an efficient NIR emitter in solid-
state lasers.[29,30] However, the excitation band of Yb3+ is limited 
to within short UV (< 300  nm) and NIR (> 900  nm) ranges. 
Very recently, He et  al.[31] and Yao et  al.[32] exploited Cr3+, a 
well-known sensitizer in solid-state lasers,[33] luminescent ther-
mometer,[34] and persistent luminescence materials,[35] to sen-
sitize Yb3+ so that the developed NIR phosphors are rich in the 
spectral range of 650 to 1100 nm detectable by the inexpensive 
silicon photodetectors. However, both of them have an IQE 
of only ≈75%. Hence, developing highly efficient (IQE ≥ 90%) 
and thermally stable NIR phosphors with broad emission band 
remain an unsolved problem, which is the main obstacle for 
ideal broadband NIR pc-LEDs.

Phosphor-converted light-emitting diodes (pc-LEDs) with broadband near-
infrared (NIR) emission have emerged as compact light sources for portable 
NIR spectroscopy. However, the associated broadband NIR phosphors suffer 
from low quantum efficiency (QE) and severe thermal quenching. Here the 
realization of highly efficient (internal QE ≈ 90%) and nearly zero-thermal-
quenching broad NIR emission in Cr3+ and Yb3+ codoped Gd3Sc1.5Al0.5Ga3O12 
(GSGG) via efficient energy transfer from Cr3+ to Yb3+ is reported, whereby a 
high-performance NIR pc-LED is obtained that can generate ultra-broad-band 
NIR emission covering the whole range of 700−1100 nm with high output 
power (50 mW at a current of 100 mA) and high photoelectric efficiency (24% 
at a current of 10 mA). The results not only demonstrate that Cr3+ and Yb3+ 
codoped GSGG has great potential for compact NIR light sources, but also 
indicate that the strategy of energy transfer can be exploited for developing 
new NIR phosphors with both high QE and thermal stability.
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As a widely used analytical technology in laboratories and 
factories, the near-infrared (NIR) spectroscopy is now being 
developed to be a non-destructive and real-time tool in food 
analysis, crop monitoring, and medical diagnostics.[1–4] In addi-
tion to tiny NIR photodetectors,[5] compact broadband NIR light 
sources are essential to the portability and the integration of 
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Here we attempt to enhance NIR emission of above 900 nm 
via codoping Yb3+ into a garnet-type Gd3Sc1.5Al0.5Ga3O12:Cr3+ 
(GSGG:Cr) previously reported by us.[15] We show that under 
blue light excitation GSGG:Cr,Yb exhibits an additional NIR 
emission of Yb3+ covering the spectral range of 950 to 1050 nm 
with the overall IQE (≈90%) unimpaired. Furthermore, we 
demonstrate that the thermal quenching of GSGG:Cr,Yb is sig-
nificantly reduced as compared with GSGG:Cr. Finally, we also 
achieve a record NIR output power of broadband NIR emission 
using GSGG:Cr,Yb, and another supplementary phosphor (LiI
nSi2O6:Cr3+)[14] as blue-to-NIR spectral converters, suggesting 
their great potentials for compact broadband NIR light sources.

The phase purity of GSGG:0.08Cr,xYb samples was char-
acterized by powder X-ray diffraction (XRD). As shown in 
Figure 1A, all the XRD peaks of GSGG:0.08Cr,xYb can match 
well with those of the standard garnet-structure pattern 
(PDF#82–1950), indicating the success of Cr3+ and Yb3+ doping 
in GSGG without causing any impurity phase. Considering 
the valence state and the ionic radii, we assumed that Yb3+ 
will dominantly occupy Gd3+ sites while Cr3+ prefers Sc3+ sites; 
the point group symmetries for the dodecahedral sites of Yb3+ 

and the octahedral sites of Cr3+ are D2 and C3i, respectively. As 
expected, the diffraction peaks of GSGG:0.08Cr,xYb gradually 
shift to higher angle with increasing the concentration (x) of 
Yb3+ (Figure  1A), implying the reduced interplanar spacing of 
crystal lattice due to the substitution of smaller Yb3+ for larger 
Gd3+. The scanning electron microscopy (SEM) coupled with 
energy-dispersive x-ray spectroscopy (EDS) was used to charac-
terize the morphology and the composition of the as-prepared 
sample (GSGG:0.08Cr,0.2Yb). The phosphor powders are 
irregularly shaped with a particle size of 10–30 µm (Figure 1B) 
while each particle is composed of several agglomerated small 
polygonal grains (Figure  1C). The chemical composition was 
confirmed by EDS analysis (Figure S1 and Table S1, Supporting 
Information), and homogeneous distributions of Gd, Sc, Al, 
Ga, O, Cr, and Yb can be seen from the corresponding images 
of EDS mapping (Figure 1D–J).

In GSGG crystal Cr3+ situates at the octahedral site with a 
relatively weak crystal field (Dq/B ≈ 2.53),[15,36] and accord-
ingly GSGG:Cr3+ shows a broadband (FWHM ≈ 113 nm) emis-
sion peaking at 756  nm upon blue light excitation (460  nm) 
(Figure 2A), which is attributed to the spin-allowed 4T2 → 4A2 

Figure 1.  Characterizations of crystal structure, morphology and composition. A) XRD patterns of GSGG:0.08Cr,xYb (x = 0.01, 0.06, 0.20); the standard 
pattern (PDF#82-1950) is also presented for comparison, and the magnified patterns in the range of 31.5–33° are shown on the right. B) SEM image 
of SPE phosphor (scale bar: 20 µm). C) Enlarged SEM image for element mapping (scale bar: 2 µm). D–J) Element mapping images of Gd, Sc, Al, 
Ga, O, Cr, and Yb.
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transition of Cr3+. For applications in NIR spectroscopy, the 
emission of GSGG:Cr3+ is deficient in the spectral range of 
850 to 1100 nm. For example, one of the characteristic bands of 
water that dominate the NIR absorption spectrum of fruits and 
vegetables is approximately 970  nm.[37] As Yb3+ is introduced 
into GSGG:Cr3+, a new emission band with several sub-bands 
in the range of 900 to 1100  nm appears (Figure  2A), which is 
assigned to the transition of 2F5/2  → 2F7/2 of Yb3+.[29,31,32] Yb3+ 
emission is augmented with increasing Yb3+ concentration 
while Cr3+ emission is reduced, implying the occurrence of 
energy transfer from Cr3+ to Yb3+. Though weak in intensity, 
the emission band of Cr3+ extends to larger than 900  nm, by 
which Yb3+ can be excited; therefore, energy transfer from Cr3+ 
to Yb3+ is possible only if they are close enough (Figure S2, Sup-
porting Information). Energy transfer from Cr3+ to Yb3+ also 
endows Yb3+ with a wide excitation band in the visible range 
(Figure S3, Supporting Information), which is nearly the same 
with that of Cr3+ as reported before.[15] Besides, the decay curves 
(Figure 2B) of GSGG:0.08Cr,xYb were measured. As Yb3+ con-
centration increases, the decay of Cr3+ emission becomes faster 
with the average lifetime of Cr3+ reduced from 109 µs for x = 0 
to 20 µs for x = 0.2, evidencing the nonradiative energy transfer 
from Cr3+ to Yb3+.

Generally, the efficiency (η) of energy transfer can be calcu-
lated by the changes of the sensitizer (Cr3+) in either emission 
intensity (I) or average lifetime (τ). As plotted in Figure  2C, 
the transfer efficiency grows with increasing Yb3+ concentra-
tion and reaches as high as 93.6% at x = 0.2. One may notice 

that the values calculated by these two methods are obviously 
different and the values calculated by the change of average 
lifetime are always smaller than those calculated by the other 
one. Actually, this phenomenon was observed in many systems 
of energy transfer, such as Ce3+–Tb3+,[38,39] Ce3+–Mn2+,[40] and 
Eu2+–Mn2+,[41] and has been attributed to the existence of fast 
energy transfer that is beyond the response rate of the detector; 
more specifically, owing to the strong distance dependence of 
nonradiative energy transfer, what we collected in decay meas-
urement is only the slow part of the whole decay curve repre-
senting the slow decay process, that is, the decay of those Cr3+ 
without nearest neighbor Yb3+, while the steep initial part 
representing the very fast energy transfer between the nearest 
Cr3+–Yb3+ pairs, is missing; accordingly, the obtained transfer 
efficiency (η) is smaller than the actual value. Since the IQE of 
GSGG:0.08Cr,xYb is not changed by Yb3+ as shown below, the 
decline of Cr3+ emission is merely due to the energy transfer to 
Yb3+, rather than other non-radiative relaxations. Therefore, the 
efficiency of energy transfer estimated by the change of emis-
sion intensity is more accurate.

For practical LED applications, one of the key parameters 
is the IQE of the developed phosphor. Although the emission 
wavelength of 4T2 → 4A2 can be tuned via host cationic substitu-
tion, the IQE decreases appreciably when replacing Gd3+ with 
La3+ to shift the emission to longer wavelength as reported by 
Malysa et al.[36] In contrast, the multiphonon nonradiative tran-
sition of the excited level 2F5/2 of Yb3+ is negligible in most oxide 
materials because of the large energy gap (10000 cm−1) between 

Figure 2.  Photoluminescence properties of GSGG:Cr,Yb. A) Emission spectra of GSGG:0.08Cr,xYb (x = 0–0.20) upon 460  nm excitation. They are 
normalized by the integrated area to clearly show the change of relative intensity. B) Decay curves of Cr3+ emission (756 nm) after pulse excitation 
at 460 nm. C) The dependence of energy transfer efficiency (η) on Yb3+ concentration. D) IQE of GSGG:0.08Cr,xYb under 460 nm excitation. All the 
samples have the absorption of about 40%.
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2F5/2 and 2F7/2.[28,31,32] Previous work has shown that IQE of Cr3+ 
emission in Gd3Sc2Ga3O12 can be significantly improved to 
higher than 90% via the substitution of ScO6 with smaller AlO6 
octahedrons owing to the inhibition of antisite defects.[15] Ben-
efiting from the efficient energy transfer from Cr3+ to Yb3+, the 
emission of 900 to 1100 nm is enhanced with high IQE (≈90%) 
of GSGG:0.08Cr,xYb retained (Figure 2D). IQE decreases upon 
heavy doping (x > 0.15) of Yb3+ may result from the concentra-
tion quenching of Yb3+.[31,42] The deteriorated crystal quality may 
be also responsible for the IQE decrease of GSGG:0.08Cr,0.2Yb, 
since the background of GSGG:0.08Cr,0.2Yb is relatively high 
as compared with the samples with low Yb3+ doping concentra-
tion (Figure 1A).

As we know, more heat is generated in the broadband NIR 
pc-LED devices than in traditional white pc-LED devices, and 
high thermal stability of broadband NIR phosphors is thus 
more crucial. Temperature-dependent emission spectra of 
GSGG:0.08Cr,0.03Yb, and GSGG:0.08Cr,0.1Yb are shown in 
Figure  3A,B, respectively. At elevated temperatures, the emis-
sion of Cr3+ shows obvious decrease, that is, thermal quenching, 
while the short-wavelength emission of Yb3+ increases at first 
and then decreases normally. The increase of short-wavelength 
emission of Yb3+ is mainly attributed to thermal popula-
tion of upper Stark sub-levels of 2F5/2.[29] It is observed from 
Figure  3C,D that the Yb3+ emission (900−1100  nm) exhibits 
a much weaker thermal quenching than the Cr3+ emission 
(650−900 nm), thereby leading to the improved thermal stability 
of the overall emission of GSGG:0.08Cr,xYb as compared with 

GSGG:0.08Cr.[15] This unique feature of Cr3+ and Yb3+ codoped 
system was also observed in Ca2LuZr2Al3O12:Cr,Yb[31] and 
LiScP2O7:Cr,Yb[32] and it can be well explained by the combined 
effect of fast energy transfer from Cr3+ to Yb3+ and intrinsically 
excellent thermal stability of Yb3+, as in the case of Ce3+ and 
Tb3+ co-doped systems.[38,39] Besides, the Yb3+ emission is even 
thermally enhanced when the temperature is lower than 250 °C; 
correspondingly, the Cr3+ emission undergoes stronger thermal 
quenching in Cr3+ and Yb3+ codoped samples. Since only a very 
weak tail of the Cr3+ emission band is beyond 900 nm that can 
overlap with the absorption band of Yb3+ (Figure S4, Supporting 
Information),[29] such an anti-thermal quenching behavior of 
the Yb3+ emission is attributed to the better spectral overlap 
between Cr3+ and Yb3+ and thus the enhanced energy transfer 
because of the redshift of the Cr3+ emission with increasing the 
temperature (Figure S5, Supporting Information). This expla-
nation can be also corroborated by the temperature-dependent 
decay curves (Figure S6, Supporting Information). Non-radia-
tive relaxation of the excited level 2F5/2 of Yb3+ is not only neg-
ligible but also nearly independent of the temperature while 
the decay of Cr3+ becomes much faster with the temperature, 
confirming that the enhanced thermal stability results from 
the efficient energy transfer from Cr3+ to Yb3+. Importantly, 
the integrated emission intensity of GSGG:0.08Cr,0.03Yb 
(GSGG:0.08Cr,0.1Yb) at 150 °C still retains 97% (100%) of the 
initial value at 30 °C, meaning that zero thermal quenching is 
achieved via energy transfer from Cr3+ to Yb3+. These results 
indicate that we have developed a series of visible-light excitable 

Figure 3.  Thermal quenching properties of GSGG:Cr,Yb. A) The temperature-dependent emission spectra of GSGG:0.08Cr,0.03Yb upon 460 nm exci-
tation. B) The temperature-dependent emission spectra of GSGG:0.08Cr,0.1Yb upon 460  nm excitation. C) The integrated emission intensities of 
GSGG:0.08Cr,0.03Yb as a function of the temperature upon 460 nm excitation. D) The integrated emission intensities of GSGG:0.08Cr,0.1Yb as a func-
tion of the temperature upon 460 nm excitation.
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NIR phosphors with high QE and excellent thermal stability for 
the first time, whereby high-power NIR emission is possible.
Figure  4A presents the electroluminescence spectrum of 

the as-fabricated NIR pc-LED device by combining a 460  nm 
blue LED chip with GSGG:0.08Cr,0.03Yb. We noticed that 
GSGG:0.08Cr,0.03Yb can only provide sufficient emis-
sion of 950–1050  nm as well as 700–850  nm, thus requiring 
another NIR phosphor to make up the deficient emission of  
850–950  nm for broadband NIR pc-LEDs used for silicon 
detectors. For this reason, we synthesized LiInSi2O6:0.06Cr3+ 
as reported by Xu et al.[14] (IQE = 74% and absorption = 49%), 
because LiInSi2O6:0.06Cr3+ has relatively high thermal stability 
and IQE among the reported broadband NIR phosphors with 
the peak wavelength beyond 800 nm. As expected, the tiny NIR 
pc-LED device (see the inset of Figure  4A) using the mixture 
of GSGG:0.08Cr,0.03Yb, and LiInSi2O6:0.06Cr3+ can emit ultra-
broad-band NIR light covering the whole range of 700−1100 nm 
(Figure  4A), which is indispensable for NIR spectrometers[1–4] 
as well as solar simulators.[43] A small difference in the ratio of 
blue to NIR of the two devices probably comes from their dif-
ferent properties including EQE, and density and particle size 
of the powders (different sedimentations). The photoelectric 
efficiency, defined as the ratio of the NIR output power to the 
input power of LED chip, can reach 24% at the driving current 
of 10  mA for this broadband NIR pc-LED (Figure  4B). A NIR 
output power of 50 mW is also achieved at 100 mA (≈3 V for-
ward voltages) with the photoelectric efficiency reduced to 17%, 
which mainly results from the so-called efficiency droop of blue 
LED chips (Figure S7, Supporting Information).[44] Moreover, 
the profiles of the electroluminescence spectrum at 10 and 
100 mA, shows a very small difference (Figure S8, Supporting 
Information), further confirming the excellent thermal stability 
of GSGG:0.08Cr,0.03Yb. These optical properties of the as-
fabricated LED prototype are obviously better than those using  
Ca2LuZr2Al3O12:0.08Cr3+,0.01Yb3+ (41.8 mW, 14.3%@100mA)[31] 
and LiScP2O7:0.06Cr3+,0.03Yb3+ (36 mW, 12%@100mA) .[32]

In summary, we have achieved highly efficient and thermally 
stable broad NIR emission in Cr3+ and Yb3+ codoped GSGG. 
The blue light excitation of Yb3+ is realized via efficient energy 
transfer from Cr3+ to Yb3+, thereby enabling the realization of 
broad NIR emission rich in the range of 950 to 1050 nm with 

high IQE (≈90%). Moreover, we demonstrate that the thermal 
quenching of GSGG:Cr,Yb can be greatly relieved because of 
the excellent thermal stability of Yb3+ emission as well as fast 
energy transfer from Cr3+ to Yb3+. The as-fabricated NIR pc-LED 
by using the developed phosphor as the wavelength converter 
possesses excellent optical performances with high NIR output 
power and high photoelectric efficiency. Our results not only 
provide a kind of promising NIR phosphor for compact NIR 
light sources but also indicate that the energy transfer is an 
effective strategy for developing high-efficiency NIR materials.

Experimental Section
Materials and Preparation: The samples of 

Gd3−xYbxSc1.42Cr0.08Al0.5Ga3O12 (GSGG:0.08Cr,xYb) (x = 0, 0.01, 0.03, 0.06, 
0.1, 0.15, 0.2) were prepared by traditional solid-state reaction. Gd2O3, 
Sc2O3, Al2O3, Ga2O3, Cr2O3, and Yb2O3 with the purity no less than 
99.99% were weighed stoichiometrically as the starting materials, and 
3 wt% of H3BO3 (99.9%) was used as the flux. After thoroughly mixed 
and ground in an agate mortar, they were transferred into a lidded 
corundum crucible and then put into a tube furnace for sintering at 
1350 °C for 6 h in air. Sintering with an intermediate grinding for two 
times is beneficial to obtaining samples with higher IQE. Note that the 
refractive index and density of GSGG are about 1.95 at 800 nm (1.94 at 
1064 nm) and 6.45 g cm−3, respectively,[45] and the exact concentrations 
of Cr3+ and Yb3+ for GSGG:0.08Cr,0.03Yb are 3.2 × 1020 and 1.2 × 1020 ion 
cm−3, respectively. The preparation process reported by Xu et al.[14] was 
followed to obtain LiInSi2O6:0.06Cr3+. Finally, the as-prepared samples 
were properly reground into fine powders. NIR pc-LEDs were fabricated 
by encapsulating GSGG:0.08Cr,xYb or the mixture of GSGG:0.08Cr,xYb 
and LiInSi2O6:0.06Cr3+ on 460 nm LED chips using transparent silicone, 
where the mass ratio of phosphor to silicone is 1:2.

Characterization: The XRD patterns were collected on a powder XRD 
spectrometer (D/MAX 2550/PC, Rigaku, Japan) with Cu Kα radiation 
(λ  = 1.5418 Å), where the counting time for each step (0.02°) is 
0.1 s. The SEM images as well as the EDS mapping were obtained on a 
scanning electron microscope (Utral-55, Carl Zeiss, Germany) coupled 
with an energy-dispersive spectrometer (INCA Energy Coater, Oxford 
Instruments). The excitation spectra and the decay curves were measured 
on the FLS920P spectrometer (Edinburgh Instruments, UK). All the 
collected spectroscopic data were corrected for the spectral response of 
the detector and the spectral distribution of the light sources. The IQE 
and absorption were measured with an absolute photoluminescence 
quantum yield measurement system (Quantaurus-QY Plus C13534-12, 

Figure 4.  Optical performances of as-fabricated NIR LEDs. A) The electroluminescence spectra of the as-fabricated NIR pc-LEDs at 10 mA. One of 
them adopted GSGG:0.08Cr,0.03Yb as the converter while the other one adopted the mixture of GSGG:0.08Cr,0.03Yb, and LiInSi2O6:0.06Cr3+, whose 
mass ratio is 1:0.2. The inset is a photograph of the latter, where the right little finger of Dr. Xiao is shown for comparison. B) NIR output power and 
NIR photoelectric efficiency as a function of driving current for the NIR pc-LED using the mixture of GSGG:0.08Cr,0.03Yb, and LiInSi2O6:0.06Cr3+.
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Hamamatsu Photonics), and the measurement error of IQE is about 
2% in the range of 900 to 1100  nm. The emission and temperature-
dependent emission spectra were also obtained on the quantum yield 
measurement system, where a blue laser diode was used as the excitation 
source and the temperature was controlled by a high-temperature test 
device (TAP-02, Orient KOJI). The absorption spectrum was measured 
with a UV–vis–infrared spectrophotometer (UH5700, Hitachi, Japan). 
The electroluminescence spectra and the light output power of the NIR 
pc-LEDs were measured using a photoelectric measuring system (LHS-
1000, EVERFINE) equipped with a spectrophotometer (350–1100  nm, 
HAAS-2000) and an integrating sphere (SPEKTRON R98, Φ 50 cm).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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