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Supplementary formula

The crystal field parameters for the crystal field of Cr3+ ions in an octahedral environment are 

calculated as follows:1

10𝐷𝑞 =  𝐸(4𝐴2→4𝑇1)(1)

𝐷𝑞

𝐵
=

15(𝑚−8)

𝑚2−10𝑚
  (2)

𝑚 =
𝐸(4𝐴2−4𝑇1)−𝐸(4𝐴2−4𝑇2)

𝐷𝑞
 (3)

The internal quantum efficiency (IQE) is defined as the percentage of emitted photons relative 

to the number of absorbed photons. This is calculated using the following equation:

𝐼𝑄𝐸 =  
∫𝐿𝑠

∫𝐸𝑅−∫𝐸𝑠

× 100% (4)

where, LS represents the number of photons emitted from the sample, ER denotes the number 

of exciting photons, and ES signifies the number of reflected photons for the BaSO₄ reference.

The external quantum efficiency (EQE) is defined as the percentage of emitted photons 

relative to the number of excitation photons. This is calculated using the following equation:   

𝐸𝑄𝐸 =  
∫𝐿𝑠

∫𝐸𝑅

× 100% (5)

The absorption efficiency (AE) is defined as the percentage of the number of absorbed 

photons (by the sample) to that of excitation photons: 

𝐴𝐸 =  
∫𝐸𝑅−∫𝐸𝑠

∫𝐸𝑅

× 100% (6)

So the EQE is also calculated using the following equation: 

𝐸𝑄𝐸 =  𝐼𝑄𝐸 × 𝐴𝐸 × 100% (7)
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Supplementary figures and tables

Figure S1 XRD patterns of (a) LMG:xCr3+ & (b) LMG:0.2Cr3+ ,yYb3+.

Figure S2 Rietveld refinement of (a) LMG:0.1Cr3+ & (b) LMG:0.2Cr3+& (c) LMG:0.3Cr3+. (d) 

Variation of Ga-O bond length with doping concentration of Cr3+ ions.

Figure S3 Elemental mappings (La, Mg,Ga, Cr and Yb).
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Figure S4 (a) excitation and (b) emission spectra of LMG:xCr3+(x=0.05-0.5).

Figure S5 Fluorescence decay curves at three peaks.

Figure S6 Peak-differentiating and imitating of (a) LMG:0.05Cr3+ and (b) LMG:0.1Cr3+ and (c) 

LMG:0.3Cr3+ and (d) LMG:0.5Cr3+. (e) Variation curves of the three peaks of LMG: xCr3+(x=0.05-

0.5).
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Figure S7 (a) Emission spectra of LMG:0.05Yb3+, xCr3+. (b) Fluorescence decay curves of 

LMG:0.05Yb3+, xCr3+.

Figure S8 IQE, AE and EQE of LMG:0.2Cr3+.

Figure S9 Fluorescence lifetimes at (a) 730 nm, (b) 805 nm and (c) 900 nm versus Yb3+ ion 

doping concentration. (d) Energy transfer efficiency versus Yb3+ concentration calculated from 

fluorescence lifetime data.
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Figure S10 (a) Relationship between the temperature of fruit and the duration of NIR pc-LED 

exposure. (b) Relationship between operating temperature and operating current of NIR 

prototype devices.
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Table S1 Main parameters of processing and refinement of the LMG:0.2Cr3+,0.05Yb3+ sample.

Formula LaMgGa11O19:0.2Cr3+,0.05Yb3+

Sp. Gr. P63/mmc
a (Å) 5.794620(14)
c (Å) 22.67195(27)

V (Å3) 659.279(24)
Z 2

2θ-interval, º 10-80
Rwp, % 3.09
Rp, % 1.79

χ2 2.08

Table S2 Fractional atomic coordinates of LaMgGa11O19:0.2Cr3+,0.05Yb3+.

Atom x y z

La1 2/3 -2/3 1/4
La2 0.73286(14) -0.73286(14) 1/4
Yb1 2/3 -2/3 1/4
Ga1 0 0 0
Mg1 0 0 0
Cr1 0 0 0
Ga2 0 0 0.23982(36)
Ga3 1/3 -1/3 0.027(27)
Mg2 1/3 -1/3 0.03(12)
Ga4 1/3 -1/3 0.189651(98)
Cr4 1/3 -1/3 0.189651(98)
Ga5 -0.16607(21) 0.16607(21) 0.10835(53)
Cr5 -0.16607(21) 0.16607(21) 0.10835(53)
O1 0 0 0.15235(48)
O2 2/3 -2/3 0.06122(47)
O3 0.18925(11) -0.18925(11) 1/4
O4 0.14962(88) -0.14962(88) 0.05560(24)
O5 0.50945(86) -0.50945(86) 0.15248(29)

Table S3 Bond length data of Ga1-O, Ga4-O, and Ga5-O octahedron.

Ga1-O Ga4-O Ga5-O
1.946 Å 1.991 Å 2.004 Å
1.946 Å 1.991 Å 2.004 Å
1.946 Å 1.991 Å 1.990 Å
1.946 Å 1.975 Å 1.905 Å
1.946 Å 1.975 Å 1.905 Å
1.946 Å

Average
1.946 Å

1.975 Å

Average
1.983 Å

2.023 Å

Average
1.971 Å
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Table S4. IQE, EQE, thermal stability and Photoelectric properties of Cr3+ and Yb3+ co-doped 
NIR emitting phosphor.

Table S5 Detailed measured data of the NIR pc-LED output power and efficiency under 
different current drive.

Current（mA

）
Voltage（V） Input electrical 

power (mW)

NIR output 
power 
(mW)

photoelectric 
efficiency (%)

20 2.65 53 6.0 11.3
50 2.74 137 14.1 10.3

100 2.85 285 28.3 9.9
150 2.84 426 41.5 9.7
200 2.91 582 53.4 9.2
250 2.96 742 64.9 8.7
350 3.08 1080 84.5 7.8

Phosphor IQE
(%)

EQE
(%)

Thermal 
stability（%） @ 
temperture

NIR output power (mW) @
photoelectric efficiency Ref.

SrGa4O7:Cr3+,Yb3+ 31.4 / 74%@423 K 11.1 mW@100 mA 2

Sr2ScTaO6:Cr3+,Yb3+ / / 78.4%@373 K / 3

Ca2LuZr2Al3O12:Cr3+,Yb3+ 77.2 / / 41.8 mW@100 mA 4

(Ca0.5Li0.5)(Mg0.5Sc0.5)Si2O6:
Cr3+,Yb3+

46 / 69%@423 K ~35.9 mW@100 mA 5

La2MgHfO6:Cr3+,Yb3+ 69 18.4 81.6%@373 K / 6

Mg4Nb2O9:Cr3+,Yb3+ 72.6 36 63%@373 K ~38.5 mW@100 mA 7

LaMgGa11O19:Cr3+,Yb3+ 94.2 40.8
89.3%@373 K
72.7%@423 K

28.3 mW@100 mA
This 
work
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