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A B S T R A C T   

Broadband Near-infrared phosphors have attracted great attention for its potential applications in pc-LED as a 
novel light source for substance measurements based on NIR spectroscopy. Here, CaMgSi2O6:xCr3+ diopside 
phosphor were prepared by high temperature solid-state reaction. The Cr3+emission band undergoes a red-shift 
from 772 nm to 822 nm followed with band broadening from 132 nm to 197 nm with the increase of x from 
0.25% to 6%. Highly thermal stability with the quenching temperature as high as 355 ◦C for 1% and 236 ◦C for 
4% Cr3+ concentrations are observed. NIR pc-LEDs were fabricated and high NIR output power of 42.04 mW for 
the bandwidth of 150 nm and 23.73 mW for a more broaden bandwidth of 187 nm are achieved at 100 mA drive 
current, respectively. Our results suggest that CaMgSi2O6:Cr3+phosphors have great potential for applications in 
broadband NIR pc-LED applications.    

Abbreviations 
NIR Near-infrared 
pc-LED phosphor converted light emitting diode 
PL Photoluminescence 
SLD superluminescent diode 
DOT diffuse optical tomography 
FWHM full width at half maximum 
CFSE crystal field stabilization energy 
QE quantum efficiency 
RT room temperature. 

1. Introduction 

Near infrared phosphor converted light emitting diode (NIR pc-LED) 
is a new type of solid-state NIR light source for substance measurements 
based on NIR spectroscopy. Compared with the traditional light source 
such as tungsten halogen lamp and superluminescent diode (SLD), the 
NIR pc-LED has the advantages of high efficiency, compact size, low 
cost, good durability and low working voltage. NIR pc-LED light source 
is a key technology for miniaturization and integration of NIR spec-
trometer. NIR spectroscopy technology has widespread applications in 
agriculture, food, pharmacy, medicine and other fields [1,2]. Because 

near-infrared light can penetrate the scalp layer, skull layer to cerebral 
cortex, NIR pc-LED light source can be applied to the field of neurosci-
ence by diffuse optical tomography (DOT) bio-imaging Technology. 
DOT technology is used to monitor local neural activity by monitoring 
the changes of cerebral blood flow [3,4]. Thereby, to develop efficient 
NIR phosphors with the emission band as broad as possible is the key 
segment for broadband NIR pc-LED light sources. 

Transition metal Cr3+ is the commonly selected luminescent center 
for broadband NIR emission for blue excitation when situated in weak 
and intermediate octahedral crystal field. In recent years, many Cr3+

doped broadband NIR phosphors have been reported. Most of them have 
a full width at half maximum (FWHM) less than 150 nm [5–13], A few 
Cr3+ activated phosphors show a super broad NIR emission band, but 
their photoluminescence (PL) yields are not high. La3Ga5GeO14:Cr3+

garnet phosphor exhibits a NIR emission band with a FWHM of 330 nm 
and the fabricated pc-LED offered NIR output of 18.2 mW at 350 mA 
drive current [14]; Mg3Ga2GeO8:Cr3+ phosphor with the FWHM of 244 
nm, and fabricated pc-LED had a NIR output of 6.143 mW at 60 mA drive 
current after applied to pc-LED [15]; Yao et al. developed LiScP2O7:Cr3+

with FWHM of ~170 nm. The fabricated pc-LED had a NIR output of 19 
mW at 100 mA drive current [16]. Codoping Cr3+ and Yb3+ is an 
effective strategy for achieving super broad emission band with guar-
anteed efficiency [16–19]. For the light source of spectral analysis 
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system, the emission spectra should be as flat as possibles. However, in 
this kind of codoped phosphors, Yb3+ ions introduce sharp line emission 
into the PL spectra. Therefore, it is of great theoretical and practical 
value to actively explore new broadband near-infrared luminescent 
materials. 

Diopside (CaMgSi2O6) is one of the main crystal phases in common 
silicate materials and belongs to pyroxene group. CaMgSi2O6:Eu2+ is 
well known as a blue phosphor for plasma display panel [20,21], where 
Eu2+ ion occupy Ca2+ sites of Diopside. There are some reports on Cr3+

doped CaMgSi2O6 Crystal for tunable and ultrashort laser [22–24]. In 
pc-LED technology, powder luminescent materials need to be mixed 
with adhesive and then coated on bule LED chips, therefore NIR phos-
phor is more convenient and cost-effective that these crystals. 

In this work, blue light excitable Cr3+-activated CaMgSi2O6 broad-
band NIR phosphors were synthesized by high temperature solid-state 
reaction. The FWHM of the NIR emission band broadens from 132 nm 
further to 197 nm with the increase of Cr3+ concentration from 0.25% to 
6%. Temperature dependent emission intensity was investigated. The 
NIR pc-LEDs were fabricated by using CaMgSi2O6: 1%Cr3+ or CaMg-
Si2O6: 4%Cr3+ phosphors based on blue LED chips. The performance of 
the NIR pc-LEDs were evaluated. The NIR output of 42.04 mW with the 
bandwidth of 150 nm and 23.73 mW with the bandwidth of 187 nm are 
achieved at 100 mA drive current, respectively. 

2. Experimental 

2.1. Materials and preparation 

Powder samples with compositions of CaMg1-xSi2O6:xCr3+ (abbre-
viated to CaMgSi2O6:xCr3+ hereafter) were prepared by conventional 
high-temperature solid-state reaction method. The starting materials of 
CaCO3(99%), MgO(98%), SiO2(99%) and Cr2O3(99.95%) were weighed 
according to the given stoichiometric ratio. In addition, 0.06 mole ratio 
of NaCl(99.8%) was added as both flux and charge compensator. Then 
these starting materials were homogeneously mixed and ground in an 
agate mortar for 45 min. After that, the mixture was transferred into a 
corundum crucible and put into a muffle furnace sintered in air. The 
temperature was first maintained at 900 ◦C for 1 hour and then raised to 
1250 ◦C for 3 h. At last, the furnace was cooled down to room temper-
ature and these samples were ground into fine powders, washed with 
acetic acid solution, filtered and dried for subsequent characterization. 

2.2. Characterizations 

The crystal structure of these as-prepared samples was examined by 
X-ray diffraction (XRD) using a D8 Focus diffractometer (Bruker, Ger-
many) with Cu Kα radiation source. The operation voltage and current 
was set at 40 kV and 30 mA, respectively. Room-temperature photo-
luminescence excitation spectra (excitation spectra) and room- 
temperature photoluminescence intensity were recorded using a 
FLS920 fluorescence spectrophotometer (Vis detector 200–900 nm, NIR 
detector 850–1700 nm, Edinburgh Instrument, UK) equipped with a 
150 W Xe lamp. Room-temperature photoluminescence spectra (emis-
sion spectra) were recorded using FLS920 fluorescence spectropho-
tometer and a HAAS2000 photoelectric measuring system (350–1100 
nm, EVERFINE, Cina) equipped with 455 nm laser diode. And both 
detectors are calibrated with the same HL-3 VIS-NIR light source (Ocean 
Optics, USA). Diffuse reflection spectra were recorded using a UV-3600 
plus UV–Vis-NIR spectrometer (Shimadzu, Japan) equipped with an 
integrating sphere. BaSO4 powder was using for standard reference. The 
fluorescence decay curves of the as-prepared samples were using a 
pulsed laser from an optical parametric oscillator as the excitation 
source, the transient fluorescence was obtained by a TRIAX 550 spec-
trometer, and the electric signal was measured by a Tektronix digital 
oscilloscope. The temperature dependent properties were measured 
using a 455 nm laser diode as the excitation source, a THMS600E 

cooling-heating platform (77–873 K, Linkam Scientific Instruments, UK) 
and a QEPro micro fiber spectrometer. The quantum efficiency was 
recorded using the HAAS 2000 photoelectric measuring system equip-
ped with an integrating sphere, and a 660 nm laser diode power by 
precision DC stabilized current power supply of HAAS 2000 as excitation 
light source. The photoelectric properties of the pc-LEDs were measured 
using the HAAS 2000 photoelectric measuring system equipped with an 
integrating sphere. 

3. Results and discussion 

3.1. Phase identification 

The XRD patterns of CaMgSi2O6:x:Cr3+broadband near-infrared 
phosphors are shown in Fig. 1(a). It can be seen that the diffraction 
peaks can be well assigned to the standard data of CaMgSi2O6 diopside 
(PDF #78–1390), indicating that the introduction of Cr3+ ions had no 
significant effect on the structure of the phosphors. The crystal structure 

Fig. 1. Structural characterization and analysis. (a)XRD patterns of CaMgSi2O6: 
x Cr3+; (b) structural model of CaMgSi2O6 diopside 1 × 1 × 3 cells. (c) Sche-
matic diagram of CaO8 dodecahedral single chain, SiO4 tetrahedral single chain 
and MgO6 octahedral single chain; (d) Schematic diagram of CaO8 dodecahe-
dral site, MgO6 octahedral site and SiO4 tetrahedral site. 
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of CaMgSi2O6 diopside is based on the space group C2/c (No. 15), 
belonging to the monoclinic system. Fig. 1(b) displays the structure 
model of CaMgSi2O6 diopside 1 × 1 × 3 cell. The CaMgSi2O6 structure 
consists of MgO6 octahedral single chains, SiO4 tetrahedral single chains 
and CaO8 dodecahedral single chains arranged along the c axis [25,26]. 
As shown in Fig. 1(c), MgO6 octahedral single chains and CaO8 
dodecahedral single chains are connected by sharing edges, SiO4 tetra-
hedral single chains are connected by sharing vertexes. 

As the ionic radius of Ca2+ (CN = 8), Mg2+ (CN = 6) and Si4+ (CN =
4) are 1.12 Å, 0.72 Å and 0.26 Å, respectively. The ionic radius of Cr4+

(CN = 4), Cr3+ (CN = 6) are 0.41 Å, 0.615 Å, respectively [27], and the 
ionic radius of Na+ (CN =8) is 1.18 Å, as shown in Fig. S1. The Cr3+ ion 
has higher crystal field stabilization energy (CFSE) [28,29] . Therefore, 
it is easier for chromium to enter the octahedral sites of Mg2+ ions in the 
form of trivalent ions. The radius of Na+ is close to the radius of Ca2+, we 
believe that Na+ ions enter Ca2+ sites and form charge compensation 
relationship with Cr3+ ions: Na+ + Cr3+ → Ca2+ + Mg2+. On the other 
hand, the melting point of NaCl is 801℃, so NaCl should act as both flux 
and charge compensator. 

3.2. Photoluminescence properties 

As shown in Fig. 2(a), with the increase of Cr3+ doping concentra-
tion, excitation spectra of CaMgSi2O6:xCr3+ has no obvious change. 
These excitation spectra monitored at 845 nm contain three excitation 
bands originate from spin-allowed transitions of Cr3+ ions: they are 
excitation bands around in the ultraviolet region correspond to 
4A2→4T1(4P) transition, blue region correspond to 4A2→4T1 transition 
and red region correspond to 4A2→4T2 transition of Cr3+ ions, respec-
tively. In addition, These excitation also contain excitation peaks orig-
inate from spin-forbidden transitions of Cr3+ ions: they are excitation 
peaks around 638 nm and 655 nm correspond to 4A2→2T1 transition, 
688 nm correspond to 4A2→2E transition [30], respectively. The diffuse 
reflectance spectra of CaMgSi2O6:xCr3+were measured, the absorption 
of CaMgSi2O6:xCr3+ samples increased with the increase of Cr doping 
concentration and the diffuse reflectance spectrum of CaMgSi2O6: 
Cr3+phosphors correspond to the excitation spectrum. 

Normalized emission spectra of CaMgSi2O6:xCr3+ excited by 455 nm 
blue light are shown in Fig. 2(b). It can be seen that with the increase of 

Cr3+ doping concentration x from 0. 25% to 6%, the emission band 
shows a red-shift from 772 nm to 822 nm and a broadening from 132 nm 
to 197 nm. This is an important characteristic for CaMgSi2O6: 
Cr3+phosphors in near infrared spectroscopy application. The emission 
integral intensity of CaMgSi2O6:xCr3+ reaches the maximum when Cr3+

doping concentration is 2%. The fluorescence decay curve of CaMg-
Si2O6:xCr3+ monitored at 800 nm after pulse excitation at 460 nm was 
recorded and is shown in Fig. 2(c). It can be seen that with the increase 
of Cr3+ doping concentration, the fluorescence lifetimes of Cr3+ are 
shortened from 62.1 μs to 26.4 μs, due to the increased of nonradiative 
transition. 

There may be multiple reasons for such the significant broadening 
and red-shift of the emission band. Firstly, as shown in Fig. 2(g), for the 
high Cr doped sample CaMgSi2O6:4%Cr3+, as the monitoring wave-
length moves towards the long wave direction, the fluorescence lifetime 
increases followed with appearance of a rising edge with tuning the 
monitored wavelengths towards the longer wavelengths, which means 
that there is energy transfer from the short wave position to the long 
wave position. There are two possible sources of this energy transfer: 
one is increased energy transfer from high energy Cr3+ ions to low en-
ergy Cr3+ ions in inhomogeneous environment of the activator ions [31, 
32]. Even in the same sample, the microenvironment around different 
Cr3+ ions is different, resulting in that the emission energy of some Cr3+

ions is lower than that of other Cr3+ ions. With the increase of Cr3+ ion 
doping concentration, the energy transfer from high-energy Cr3+ to 
low-energy Cr3+ ions can occur and increase, resulting in significant 
broadening and red shift of the emission band. Another possible source 
is the existence of the second lattice site that emits at longer wavelength. 
In CaMgSi2O6:Cr crystal, Two emission peaks near 800 nm and 1000 nm 
can be observed in CaMgSi2O6:Cr crystal. The emission peak around 
800 nm comes from the Cr3+ emission of Mg octahedral lattice, and the 
emission peak near 1000 nm corresponds to the Ca vacancies or the 
second lattice site introduced by Ca and Mg deviating from the stoi-
chiometric ratio [22–24]. In our CaMgSi2O6:Cr phosphor, no second sub 
peak was observed near 1000 nm, because we introduced Na+ as charge 
compensator. But there may still be a small number of second lattice 
remaining and participating in the above energy transfer process and 
contribute to the red shift and broadening of the emission band. 

Fig. 2. Normalized excitation spectra (a) and emission spectra (b) of CaMgSi2O6:xCr3+; (c) fluorescence decay of CaMgSi2O6:xCr3+ monitored at 800 nm upon 460 
nm excitation; (d) Diffuse reflectance spectra of CaMgSi2O6:xCr3+; x dependence of (e) emission peak wavelength, emission width and (f) integrated intensity of NIR 
emission under 455 nm excitation; (g) fluorescence decay of CaMgSi2O6:4%Cr3+ monitored at different wavelengths upon 460 nm excitation. 
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3.3. Temperature dependent emission spectra 

To investigate the thermal quenching behavior of the NIR phosphors, 

temperature dependent emission spectra measurement was performed. 
Temperature-dependent emission spectra of CaMgSi2O6:1%Cr3+ and 
CaMgSi2O6:4%Cr3+ are shown in Fig. 3(a)(b). For low Cr doped 

Fig. 3. Temperature-dependent emission spectra of (a) CaMgSi2O6:1%Cr3+ and (b) CaMgSi2O6:4%Cr3+; (c) temperature-dependent integrated emission intensities 
for CaMgSi2O6:xCr3+; (d) ratio of emission integrated intensity of phosphor at 100 ℃ to emission integrated intensity at room temperature; (e) quenching tem-
perature of CaMgSi2O6:xCr3+. 

Fig. 4. Emission spectra of the NIR pc-LEDs fabricated by (a)CaMgSi2O6:1%Cr3+, (b)CaMgSi2O6:4% Cr3+ (c) NIR output power (650 nm-1100 nm) of the NIR pc- 
LEDs fabricated by CaMgSi2O6: Cr3+; (d) Photoelectric efficiency of the NIR pc-LEDs fabricated by CaMgSi2O6: Cr3+. 
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samples, the emission spectra broadening and red-shift obviously and 
continuously with the increase of the temperature. For high Cr doped 
samples, the spectral broadening and red-shift stop when it reaches a 
certain temperature. Fig. 3(c) displays the integrated emission in-
tensities in CaMgSi2O6:xCr3+ as a function of temperature. Generally 
speaking, with the increase of Cr doping concentration, the thermal 
quenching behavior of the NIR phosphors are more serious. This phe-
nomenon also occurs in YAG:Ce, which is explained as thermally acti-
vated concentration quenching [33]. As shown in Fig. 3(d), 96% and 
85% of the emission integrated intensity at room temperature can be 
retain at 373 K(100 ◦C) for samples doped with 1% and 4% Cr3+

respectively. The thermal quenching temperature is defined as the 
temperature at which the emission integrated intensity is reduced by 

half than that at room temperature. As shown in Fig. 3(e) The thermal 
quenching temperature reaches 600 K (327 ◦C) for 1% Cr doping sam-
ples, and 509 K (236 ◦C) for 4% Cr doping samples. As listed in Table 1, 
CaMgSi2O6:1%Cr3+ are among the highest thermal stability of Cr3+do-
ped NIR phosphors, while CaMgSi2O6:4%Cr3+ still maintained high 
thermal stability. 

3.4. Quantum efficiency and application to NIR pc-LED 

Considering the CaMgSi2O6:1%Cr3+ still has high luminescence in-
tensity and quenching temperature of more than 300 ℃ on the premise 
of ensuring the 150 nm bandwidth, and CaMgSi2O6:4%Cr3 has a super 
broadband emission of 187 nm without losing to much luminescence 
intensity and thermal stability. So we chose these samples for further 
testing. The quantum efficiency (QE) of CaMgSi2O6:1%Cr3+and CaMg-
Si2O6:4%Cr3+ were measured to characterize their luminescent effi-
ciency, and the measured spectra are shown in Fig. S6 Accordingly, the 
quantum efficiency upon 660 nm excitation is calculated as follows: 
CaMgSi2O6:1%Cr3+ have internal QE of 77.5% and external QE of 
21.6%, and CaMgSi2O6:4%Cr3+ have internal QE of 45.9% and external 
QE of 16.5%. 

NIR pc-LEDs were fabricated by combining the CaMgSi2O6:1%Cr3+, 
CaMgSi2O6:4%Cr3+ phosphors with a 450 nm blue InGaN LED chip. The 
adhesive for package is epoxy resin. The mass ratio of epoxy resin to 
phosphor is 1:1. Fig. 4(a)(b) shows the emission spectra of the NIR pc- 
LEDs fabricated by selected phosphors. It can be seen that with the in-
crease of the drive current, the spectral profile of the fabricated NIR pc- 
LED has no changes except for the increase in intensity. The NIR pc-LED 
fabricated using CaMgSi2O6:1% Cr3+ can offer photoelectric efficiency 
of 18.12% at 10 mA current and 13.95% at 100 mA current. The near- 
infrared light output is 42.04 mW at 100 mA current with the band-
width of 150 nm. This result is the mainstream level for near-infrared 
phosphors with a bandwidth about 150 nm. The broadband NIR pc- 
LED fabricated using CaMgSi2O6:4% Cr3+gives 11.60% photoelectric 
efficiency at 10 mA current and 7.96% at 100 mA current. The NIR 
output power of 23.73 mW with the bandwidth of 187 nm is achieved at 
100 mA drive current. This is a very good result for Cr3+singly doped 
NIR phosphors with the bandwidth wider than 180 nm. 

In order to demonstrate the application prospect of CaMgSi2O6:Cr3+

phosphors in medical fields, spectra of NIR light emitted from NIR pc- 
LEDs fabricated by CaMgSi2O6:4% Cr3+ after penetrating human 
finger are measured. The experimental setup is shown in Fig. 5(a), the 
optical fiber in the photo is connected to a HAAS 2000 photoelectric 
measuring system, and a 590 nm long-wavelength pass filter was used to 
block the blue light. We used a strap to bind around the finger to 
temporarily block venous blood flow back. Then three measurements 
were made every 1 min. The input current of NIR LED is 100 mA. Beer- 
Lambert law [36] is as follows: 

I(ν) = I0(ν)e− α(ν)L (1) 
Fig. 5. (a) Photographs of the experimental setup, normal finger and congested 
finger;(b) Spectra of NIR light after penetrating human finger; (c) Calculated 
absorption spectra of human finger in different condition. 

Table 1 
Thermal stability of typical Cr3+doped NIR phosphors.  

Materials quenching 
temperature 

quenching 
temperature( ◦C) 

IRT/ 
I100 ◦C(%) 

Ref 

CaMgSi2O6:1% Cr3+ 327 96.6 This 
Work 

CaMgSi2O6:4% Cr3+ 236 85.3 This 
Work 

Ca3Sc2Si3O12:Cr3+ / ~100 [9] 
Ca2LuHf2Al3O12:Cr3+ ~200 ~85 [34] 
LiInSi2O6:Cr3+ ~220 ~88 [8] 
LiInGe2O6:Cr3+ ~105 ~52 [35] 
InBO3: Cr3+ ~150 70 [11] 
LiScP2O7:0.06Cr3+ ~85 42 [16] 
LiScP2O7:0.06Cr3+,0.05Yb3+ ~137 79  
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Where I0(ν) and I(ν) are the intensity of the light before and after 
absorption, respectively. α(ν) is the absorption coefficient. L is the op-
tical distance. The absorption spectra can be calculated by the following 
formula: 

A(ν) = − log
(

I(ν)
I0(ν)

)

=
α(v)L
ln(10)

(2) 

As shown in Fig. 5(b), this setup with NIR pc-LED light source suc-
cessfully picked up the spectral difference caused by finger congestion. 
The peaks at 760 nm and 965 nm in Fig. 5(c) correspond to the char-
acteristic absorption of deoxy-Hb and water, respectively. The increased 
absorption of deoxy-Hb and water is consistent with the obstruction of 
blood flow back to the vein of the heart, resulting in venous congestion. , 
- 

4. Conclusion 

In general, Cr3+ doped CaMgSi2O6 broadband near-infrared diopside 
phosphors was prepared. Upon 450 nm excitation, the emission band 
shows a red-shift from 772 nm to 822 nm and a broadening from 132 nm 
to 197 nm with increasing x from 0.25% to 0.06%. Highly thermal 
stability with the quenching temperature as high as 355 ◦C for 1% and 
236 ◦C for 4% Cr3+ concentrations are observed. NIR pc-LEDs were 
fabricated by using CaMgSi2O6: 1%Cr3+ or CaMgSi2O6: 4%Cr3+ phos-
phors based on blue LED chips. The NIR output of 42.04 mW with the 
bandwidth of 150 nm and 23.73 mW with the bandwidth of 187 nm are 
achieved at 100 mA drive current for 1%Cr3+ and 4%Cr3+ doped sam-
ples fabricated LED, respectively. These results suggest that CaMgSi2O6: 
Cr phosphors have great potential for applications in broadband NIR pc- 
LED. 
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