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Abstract

Broadband near infrared (NIR) emission materials are of interest for various 

applications including non-destructive biomedical imaging. In this work, ytterbium ion 

(Yb3+) were successfully doped into Cs2AgInCl6:Cr3+ (CAIC:Cr3+) double perovskites 

single crystals (DPSCs) by a facile hydrothermal method. Under 365 nm excitation, the 

co-doped CAIC:Cr3+,Yb3+ DPSCs show broad NIR emission ranging from 800 to 1400 

nm, which spans the NIR-Ⅰ (700-900 nm) and NIR-Ⅱ (1000-1700 nm) bio-windows, 

with a emission band at 1000 nm and a full-width at half maximum (FWHM) of 188 

nm. It is found that Yb3+ ions doping could effectively improve the photoluminescence 

(PL) performance of CAIC:Cr3+ DPSCs. Compared to the photoluminescence quantum 

yield (PLQY) of 22.5% for the single doped CAIC:Cr3+, the co-doped CAIC:Cr3+,Yb3+ 
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DPSCs show a higher PLQY of 45%, which is attributed to the synergistic effect of 

reduced non-radiative recombination due to defect passivation and increase in 

crystallinity, and energy transfer (ET) of self-trapped excitons (STEs) to Cr3+. As a 

demonstration of applications, NIR pc-LEDs were fabricated by combining as-

synthesized NIR-emitting phosphor CAIC:Cr3+,Yb3+ with InGaN UV chips (λem=365 

nm) and used to image veins in a palm and for night vision using a NIR camera. The 

results suggest that the synthesized CAIC: Cr3+,Yb3+ DPSCs have great potential in 

biological applications.

Page 2 of 28Inorganic Chemistry Frontiers



3

1. Introduction

High efficiency broadband near infrared (NIR) light emitters are of strong interest 

for applications such as night vision and biomedical imaging due to its deep penetration 

of biological tissues and low damage to the human body.1, 2 Lead halide perovskites 

(APbX3, A = Cs, CH3NH3, X = Cl, Br, I) have demonstrated promising applications in 

solar cells, photodetectors, light emitting diodes (LEDs), and other optoelectronic 

applications due to their superior photoelectric properties.3-5 However, they face 

obstacles for commercialization due to the toxicity of lead (Pb) and low stability against 

humidity, oxygen and light.4-6 For this reason, low toxicity and high stability lead-free 

perovskite materials have attracted substantial attention.7 One strategy is to replace 

every two Pb toxicity cations with one monovalent cation and one trivalent cation, 

forming the double perovskites (DPs) with the general formula A2B(I)B(III)X6.8-15 

Cs2AgInCl6 as one of the direct bandgap DPs with an optical bandgap (Eg OPT ) of ∼3.3 

eV has attracted much attention recently. Pure and modified Cs2AgInCl6 with excellent 

moisture, light and heat stability offers a promising alternative to Pb-based halide 

perovskites. Previous research on luminescence of DPs have mainly focused on visible 

light emission. Mahor et al. firstly obtained NIR phosphor via doping Yb3+ ions into 

Cs2AgInCl6. Nag et al. reported the Cs2AgInCl6 system co-doped with Bi and Er. Under 

370 nm excitation, the emission intensity of the co-doped sample at 1540 nm was 45 

times higher than the one of Er3+ doped.16, 17 However, these research all focus on 

narrowband NIR emission and PLQY still needs improvement. Therefore, exploring 

suitable strategies for broadband NIR emission and enhance PLQY is urgently needed.
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Recently, there has been growing interest in novel phosphors doped with transition 

metal ions or trivalent lanthanide (Ln3+) ions.18 For instance, the luminescence 

properties of the 4T2 and 2E energy levels in Cr3+ are completely different since the 

emission spectrum of Cr3+ in the six-coordinated sites is determined by the crystal field 

strength that is sensitive to local coordination environment.19 Cr3+ can produce 

broadband NIR emission in the range of 650–1350 nm when located in a weak 

octahedral. Coordination crystal field making it the first choice for broadband NIR 

luminescence activators.2,20-22. Lanthanide (Ln) group metal cations have been found to 

boost photovoltaic performance of perovskite solar cells by passivating uncoordinated 

halide ions and improving stability.23-25 Especially, Yb3+ ions can emit at around 900–

1000 nm and are considered as ideal spectral converters. Inspired by the possible energy 

transfer between Cr3+ and Yb3+ ions, as well as the closed effective ion radius of Yb 3+ 

(0.87 A˚ when CN = 6) to In3+ (0.80 A˚ when CN = 6), Cr3+ and Yb3+ co-doped 

phosphors were developed to further improve its application potential.26 Therefore, 

introducing Cr3+ and Yb3+ into Cs2AgInCl6 is a promising approach to develop new 

NIR emitting phosphors with the characteristics of broad emission and a high PLQY.  

In this work, we synthesized an efficient Cr3+ and Yb3+ co-doped CAIC DPSCs 

NIR-emitting phosphor by a facile hydrothermal method. The crystal structure of CAIC, 

CAIC:Cr3+ and CAIC:Cr3+,Yb3+ DPSCs was determined by X-ray diffraction (XRD) 

while the morphology was characterized by scan electron microscopy (SEM). X-ray 

photoelectron spectroscopy (XPS) were conducted to further characterize the electronic 

and crystal structures. Optical studies reveal that CAIC:Cr3+,Yb3+ DPSCs show 
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broadband NIR emission (λmax=1000 nm, FWHM=188 nm) and high PLQY (~45%) 

with 365 nm excitation. The enhancement mechanism is also discussed. Furthermore, 

we combined the DPSCs with the 365 nm LED chip to prepare pc-LED and 

demonstrated applications in vein imaging and night vision. 

2. Results and Discussion

The structure of the CAIC:Cr3+ DPSCs were determined using SHELXT and 

OLEX2. The corresponding crystallographic parameters are summarized in Table S1-

S4 in SI. The CAIC:Cr3+ DPSCs with the traditional perovskite structure with Fm-3m 

space group where [AgCl6]5−and [InCl6]3−/[CrCl6]3−octahedra share the halide atoms at 

the corner to form a 3D structure. By introducing Cr3+ into the pristine Cs2AgInCl6 

perovskite single crystal structure, lattice parameter and cell volume are reduced from 

the original magnitude due to the relatively smaller ionic radius of Cr3+, validating that 

Cr3+ ions successfully enter the lattice to partially replace the In3+ ions.27Figure S1 show 

SEM images of CAIC, CAIC:30%Cr3+ and CAIC:30%Cr3+, 3%Yb3+ DPSCs, 

respectively. As seen from the SEM images, all of them are octahedral shape with 

average sizes of 500 µm. X-ray diffraction (XRD) of CAIC:Cr3+ and CAIC:Cr3+,Yb3+ 

DPSCs was also measured, with results shown in Figure 1b. Cubic phase was observed 

for all the DPSCs samples, with no noticeable impurity detected. The introduction of 

Cr3+ and Yb3+ has no effect on the structure of the CAIC. Compared with the XRD 

results of CAIC:Cr3+, the intensity of the diffraction peaks for the 220 crystal plane 

increases significantly after introducing Yb3+, indicating greatly improved crystallinity 

of the DPSCs. Notably, the XRD diffraction peaks for the (220) crystal plane are shifted 
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monotonically to larger angle with the increase of Cr3+ concentration due to substituting 

smaller Cr3+ ions for the larger In3+ ions. The XRD patterns of the samples with 

different amounts of Cr3+ and Yb3+ are shown in Figures S2 and S3. The diffraction 

peak of the (220) crystal plane of CAIC:Cr3+,Yb3+ shifts to a smaller angle compared 

to that of CAIC:Cr3+ due to the larger ion radius of Yb3+ than In3+ causing lattice 

expansion.

Figure 1. (a) Crystal structure schematic illustration of Cr3+, Yb3+ doped CAIC DPSCs. 

(b) XRD patterns of Cr3+, Yb3+ doped CAIC DPSCs and (220) local enlarged view of 

crystal plane.

EDS spectra were measured to determine the elemental composition of 

CAIC:30%Cr3+. Figure S4 (a-f) shows EDS images of CAIC:Cr3+ DPSCs. Elements of 

Cs, In, Ag, Cl and Cr are found in the EDS spectrum and evenly distributed in the whole 

DPSCs. The actual doping content of Cr3+ and Yb3+ was determined using ICP-OES 

and ICP-MS, with results given in Table S5, which is lower than the initial content 

introduced in the synthesis. In the following, we use the feed molar ratio for discussion.

The elemental composition and electronic properties of CAIC:Cr3+,Yb3+ were 
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further characterized using XPS, and the results confirm the existence of all the 

elements in CAIC:Cr3+,Yb3+ (Figure 2a-f). In the high-resolution Cr 2p spectrum 

(Figure 2e), the peaks of 587.1 and 576.9 eV can be assigned to Cr 2p1/2 and Cr 2p3/2, 

and no peaks associated with Cr4+ are found, supporting that Cr remains in the +3 

valence state.28 A peak at 572.4 eV is assigned to Ag 3p3/2. The binding energy of Cr 

2p is consistent with the binding energy of octahedral Cr3+ ions reported in earlier 

studies.21, 29 In addition, the peaks of In 3d and Cl 2p all shift toward lower binding 

energy due to Yb3+ incorporation, which is attributed to the smaller electronegativity of 

Yb than In, leading to stronger Yb-Cl bonding.30

Figure 2. X-ray photoelectron spectroscopy (XPS) core level spectra of (a) Cs 3d, (b) 

Ag 3d, (c) In 3d, (d) Cl 2p, (e) Cr 2p, (f)Yb 4d.

The diffuse reflectance spectra (DRS) of the samples are shown in Figure 3a. 

CAIC:Cr3+
 shows three broad absorption bands with maxima at around 365 nm, 550 

nm and 830 nm. The main 365 nm band is attributed to the electronic transition from 
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the valence to the conduction band of the CAIC host. After calculating and 

extrapolating using a linear function to the photon energy axis, the bandgap of pristine 

CAIC is estimated to be about 3.2 eV, as shown in the inset of Figure 3a, which is 

consistent with a previous report.31 The absorption bands at 550 nm and 830 nm can be 

ascribed to Cr3+ d-d transitions of 4A2→4T1 and 4A2→4T2. The DRS spectrum of 

CAIC:Cr3+ and CAIC:Cr3+,Yb3+ show similar absorption positions. Figure S5 shows PL 

excitation spectra (PLE) of CAIC:Cr3+ and CAIC:Cr3+,Yb3+ with emission wavelength 

of 1000 nm monitored. The PLE spectra agree with the DRS spectrum. Besides, the 

PLE spectra of the Yb-doped sample exhibit identical spectral shapes, indicating that 

the emission originates from the same transition. The three PLE bands at 365, 550, and 

830 nm can be assigned as in the DRS.

PL spectra of CAIC:Cr3+,Yb3+ DPSCs with 365 nm excitation are shown in Figure 

3b. CAIC:30%Cr3+ DPSCs have a broadband emission in the range of 800 to1400 nm 

with maxima at 1000 nm and FWHM=180 nm, which is ascribed to the 4T2-4A2 

transition of Cr3+. The addition of Yb3+ does not change the position of the emission 

band but increases its intensity and FWHM to 188 nm. This broad emission bands 

covers the NIR-I (700-900 nm) and NIR-II (1000-1700 nm) bio-window, which is 

broader than many recently reported NIR phosphors, such as LaMgGa11O19:Cr3+ (138 

nm)32 and MgTa2O6:Cr3+ (140 nm).33 The increased PL intensity indicates suppressed 

non-radiative recombination by Yb3+ doped CAIC:Cr3+. The PLQY of the best sample 

is about 45% (Figure S6) which is much higher than Cs2NaInCl6:Cr3+ (PLQY=19.7%) 

and Cs2AgInCl6:Yb3+ (PLQY=0.2%).16,34 The PL spectra of Yb-doping CAIC:Cr3+ with 
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different Yb3+ concentrations, as shown in Figure S7,  exhibit a blue-shift for 

CAIC:Cr3+,Yb3+ DPSCs compared with the CAIC:Cr3+ DPSCs, which is attributed to 

passivation of shallow trap states in CAIC:Cr3+,Yb3+ DPSCs as discussed in more 

details later.35,36

Figure 3. (a) DRS of CAIC:Cr3+,Yb3+. The inset shows the DR spectrum of the CAIC 

DPSCs host with [F(R)*hv]2 as a function of photon energy, for determining the band 

gap energy. (b) PL spectra of CAIC:Cr3+,Yb3+ DPSCs. (c) Tanabe-Sugano energy level 

diagram of Cr3+ in an octahedral crystal field. (d) Configurational coordinate diagram 

of Cr3+ in a week crystal field.
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The PL spectra with different excitation wavelengths shown in Figure S8 vary in 

intensity but maintain the same shape with excitation wavelength changing from 320 

to 600 nm, indicating that the NIR emission originates from the same transition. In 

addition, we used the same method to synthesize CAIC:Yb3+, with its PL spectrum 

shown in Figure S9. The emission band of CAIC:Yb3+ has the same position as that of 

CAIC:Cr3+, but have the different emission origin. The emission of CAIC:Cr3+ can be 

ascribed to Cr3+ d-d transitions and emission of CAIC:Yb3+ can be attributed to 

2F5/2→2F7/2 transition of Yb3+ f electrons and thus exhibits a narrower FWHM and lower 

PLQY. 16

Upon introducing Cr3+ to Cs2AgInCl6, Cr3+ ions (r =0.62 Å, CN=6) are proposed 

to substitute In3+ ions (r=0.8 Å, CN=6) due to their similar ionic radius and same 

oxidation state, forming [CrCl6]3− octahedron.37,38 Because the symmetry decrease of 

the potential octahedron field, the 3d orbital of Cr3+ ion degrades to the double 

degenerated dx2-y2 and dz2 (eg) states and the triple degenerated dxy, dxz, and dyz (t2g) 

states. This process can be explained by the Tanabe-Sagano diagram (Figure 3c).39 The 

emission of Cr3+ ions are strongly depend on the crystal field environment of the lattice. 

In the case of a strong crystal field, the transition from the 2E to the 4A2 energy level is 

spin-forbidden, resulting in narrowband red light from 2E energy level (marked as R-

line in Figure 3d). In a weak crystal field, the 4T2 energy level transitions to the ground 

state are allowed, resulting broadband NIR light from the 4T2 energy level. According 

to energy level splitting, the crystal field strength is defined by relative positions of the 

4T2 and 2E energy levels.40 The following equations can be used to obtain Dq/B:
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   Dq=E(4A2→4T2)/10                                                      (1)                                                                                                                       

                                          (2)
𝐷𝑞
𝐵 =

15(
∆𝐸
𝐷𝑞 ― 8)

(∆𝐸/𝐷𝑞)2 ― 10(∆𝐸/𝐷𝑞)

where E(4A2→4T2) is the energy difference between 4T2 and 4A2 energy levels (in cm−1), 

 is the energy difference between E (4A2→4T1) and E (4A2→ 4T2) transitions. Dq is ∆𝐸

called the crystal field splitting parameter, and B is Racah parameters. Using the data 

in Figure 3a, the values of Dq/B are 2.20 and 2.25 (Figure 3c) in CAIC:Cr3+,Yb3+ 

DPSCs and in CAIC:Cr3+, respectively. When the Dq/B value is larger than 2.3, Cr3+ 

ions are in a strong crystal field. When the Dq/B value is smaller than 2.3, Cr3+ ions are 

in a weak crystal field.41 This indicates that the Cr3+ ions are in a weak crystal field in 

the CAIC:Cr3+,Yb3+ host. As shown in Figure 3c, the energy separation between energy 

levels 4T2 and 4A2 is narrow. Therefore, the CAIC:Cr3+,Yb3+ exhibits broadband NIR 

emission (800 to 1400 nm), and the emission band is centered at much longer 

wavelength (1000 nm) than other Cr3+-doped NIR phosphors such as 

BaMgAl10O17:Cr3+ (762 nm)42 and LiScP2O7:0.06Cr3+(880 nm).43

To gain deeper insight into the PL mechanism of the Yb3+-doped CAIC:Cr3+ 

DPSCs, we measured the time-resolved PL (TRPL) decay profiles, as shown in Figure 

4a. The TRPL of CAIC:Cr3+,Yb3+ was collected with excitation at 365 nm and emission 

monitored at 1000 nm. All of the decay curves are fit by a single exponential function, 

with time constant on the microsecond time scale, which is consistent with previous 

report.22 This also indicates that the emission is mainly from the transition of 4T2 to 4A2 

of Cr3+. We can use equation (3) and (4) to calculate radiative (τr) and non-radiative 
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(τnr) components of the observed PL lifetime (τobs). 

                                                        (3)𝑃𝐿𝑄𝑌 =
𝜏0𝑏𝑠

𝜏𝑟

                                                        (4)
1

𝜏0𝑏𝑠
=

1
𝜏𝑟

+
1

𝜏𝑛𝑟

Calculated values for τr and τnr are summarized in Table 1. Both radiative and non-

radiative lifetimes increase significantly with Yb3+ doping. This indicates that Yb3+ 

doping affects both the radiative and non-radiative pathways. The effect on radiative 

pathways suggests electronic interaction between Cr3+ and Yb3+ ions. The longer non-

radiative lifetime may be attributed to lower density of trap states upon Yb3+ co-doping 

that has some passivation effect on defects.44

Table 1 Calculated Radiative and Nonradiative Lifetimes for CAIC:30%Cr3+ and 
CAIC:30%Cr3+,3%Yb3+.

sample τobs (µs) τr (µs) τnr (µs) PLQY

CAIC:30%Cr3+ 10.81 48.0 14.0 22.5%

CAIC:30%Cr3+,3%Yb3+ 32.03 71.1 58.5 45%

Ln3+ doping has been suggested to passivate anion defects due to strong Ln-X bonding 

that reduces the formation of defects and lengthen exciton lifetime of perovskites.36,45 

The PL spectra and TRPL profiles of CAIC:Cr3+,Er3+ and CAIC:Cr3+,Ho3+ DPSCs were 

measured and shown in Figure S10 and Figure S11. Doping Ho3+ or Er3+ to CAIC:Cr3+ 

DPSCs also leads to enhanced PL intensity and longer observed PL lifetime (15.30 µs 

and 20.48 µs). Compared to Ho3+ and Er3+, Yb3+ with relatively smaller 

electronegativity and ionic radius has a stronger effect on the PL properties. The smaller 

electronegativity and ionic radius Yb3+ is expected to lead to stronger Yb-Cl bonding,30 
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which is supported by XPS results. The strong interaction between Yb3+ and Cl− can 

improve crystallinity, reduces the surface energy of crystal growth, Cl- anions will 

firstly interact with Yb3+ which rendering Yb3+ absorbed on the colloidal cluster to form 

large grains to improves the crystallinity and reduce the formation of defects.23,46 The 

origin for PL enhancement in CAIC:Cr3+,Yb3+ DPSCs is attributed to structural 

modification upon Yb3+ doping, as illustrated in Figure 4b. The pristine perovskite 

structure possesses more Cl vacancies (VCl) and InAg vacancies (represented by black 

sphere).47 The ionic radius of Yb3+ ion is closer to that of In3+ ion than Cr3+, thus the 

addition of Yb3+ ion alleviates the distorted [InCl6]3− octahedra caused by the addition 

of Cr3+ ion and the introduction of Yb3+ can reduces the surface energy to influence the 

growth of crystals. As a result, the PL intensity of the NIR-II emission is enhanced by 

doping with Yb3+. 

Figure 4. (a) Time-resolved PL decay profiles of CAIC:Cr3+, and CAIC:Cr3+,Yb3+. (b) 

Schematic illustration of the structure of CAIC:Cr3+ DPSCs with defects and 

CAIC:Cr3+,Yb3+  with structural modification.

To determine the role of Yb3+ incorporation in boosting the Cr3+ emission, we 

measured the PL spectra of CAIC, CAIC:Cr3+, CAIC:Yb3+, CAIC:Cr3+,Yb3+ samples 

in the 450-800 nm region, as shown in Figure S12a, in which the host emission intensity 
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is improved with Yb3+ doping. Figure S12b shows the spectral overlap between the PLE 

band of CAIC:Cr3+ monitored at 1000 nm and the PL spectrum of CAIC:Yb3+excited 

at 365 nm. We suggest that there is energy transfer (ET) from the STEs to Cr3+ in the 

co-doped CAIC. Moreover, the incorporation of the Yb3+ ions can induce an elongation 

of the bond lengths of the [CrCl6]3− octahedra associated with and thus, a decrease of 

the energy gap between the 2E(g) and 4T2(g) states of Cr3+, which triggers the 

occurrence of structural confinement effect and promoting the ET of STEs to Cr3+.48,49 

Overall, as shown in Figure S13, we attribute the enhancement of PL to the synergistic 

effect of reduced non-radiative recombination due to defect passivation and energy 

transfer from STEs to Cr3+.

To further understand the effect of Yb3+ ion doping on thermal stability of the 

samples, the PL spectra of CAIC:Cr3+ and CAIC:Cr3+,Yb3+ DPSCs at different 

temperatures were measured, as shown in Figure 5a-b. Figure S13 illustrates the 

photophysical process in Cr3+-incorporated CAIC DPSCs. With photoexcitation at 365 

nm, the electrons are excited from the valence band (VB) to the conduction band (CB) 

of the CAIC DPSCs host. The energy from the host can be transferred to the 4T2 state 

of Cr3+ ions that then results in the 4T2−4A2 transition. The energy of the host can also 

be transferred to the self-trapped exciton (STE) state, resulting in a broad emission 

(Process 1),54 or to Cr3+ ion (Process 2) that leads to the 4T2−4A2 transition. Figure S14 

shows the PL spectra in the visible region of the CAIC:30%Cr3+ sample at 80 K and 

200 K, which originates from process 1 in Figure S13. The emission of STEs is 
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observed at low temperature and quenched at above 200 K. From 80K to 200K, the PL 

in the visible region decreases with the increasing temperature due to electron-phonon 

coupling thermal, at the same time, the NIR emission increases due to much energy 

transfer from the STEs to Cr3+, which is similar to previous reports.50-53 With further 

increase in temperature, the emission decreased, attributed to the increase of non-

radiative transition processes mediated by phonons. At 350 K, CAIC:Cr3+ and 

CAIC:Cr3+,Yb3+ DPSCs keep 15.47% and 49.61% of their original intensities at 80 K, 

indicating that the thermal stability of the material was improved with the addition of 

Yb3+ (Figure 5c). This may be related to the difference in electron-phonon coupling 

between CAIC:Cr3+ and CAIC:Cr3+,Yb3+. Generally, we can use equation (5) to 

calculate coupling effect between electrons and phonons by fitting FWHM of the PL 

spectrum with temperatures.55

                                 (5)𝐹𝑊𝐻𝑀 = 2.36 𝑆ћ𝜔 𝑐𝑜𝑡ℎ ( ћ𝜔
2𝑘𝑇)

where  stands for the phonon frequency, T is the Kelvin temperature, S means the ћ𝜔

Huang-Rhys parameter and k means the Boltzmann constant. When regrading 
ћ𝜔
2𝑘𝑇

as x, coth(x) is equivalent to . Owing to , equation (5) can be 
𝑒𝑥 + 𝑒 ―𝑥

𝑒𝑥 ― 𝑒 ―𝑥

ћ𝜔
2𝑘𝑇 = 10 ―3

simplified as equation (6).

                          (6)𝐹𝑊𝐻𝑀2 = 5.57 × 𝑆 × (ћ𝜔)2(1 +
1

ћ𝜔
2𝑘𝑇

)
Equation (6) can be written as :

(7)𝐹𝑊𝐻𝑀2 = 𝐴 × 2𝑘𝑇 + 𝐵                                               

where A = 5.57× S× ћω, B = 5.57× S× (ћω)2. The fitting results are depicted in 

Figure 5d. The ћω and S for CAIC:Cr3+ are 0.0305 eV and 3.16, and those for 
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CAIC:Cr3+,Yb3+ are 0.0296 eV and 3.01, revealing strong electron-phonon coupling 

effect in CAIC:30%Cr3+. A smaller S value suggests the electron-phonon coupling 

effect in CAIC:Cr3+,Yb3+ is weaker than CAIC:Cr3+. Therefore, the thermal stability of 

CAIC:Cr3+,Yb3+ is stronger than that of CAIC:Cr3+. Furthermore, we calculated exciton 

binding energy of CAIC:30%Cr3+ and CAIC:30%Cr3+,3%Yb3+ using temperature-

dependent PL spectra (Figure 5a and 5b), from which the corresponding exciton binding 

energy (Eb) is derived as 215 meV and 242 meV (Figure S15) according to Equation 8. 

(8)𝐼(T) =
𝐼0

1 + 𝐴𝑒
( ―

𝐸𝑏
𝑘𝑇)

                                                               

Combined with the calculated optical phonon energy analysis, we suggest that the 

CAIC:30%Cr3+,3%Yb3+ DPSCs samples have higher exciton binding energy and 

relatively lower phonon disturbance, indicating suppressed non-radiative 

relaxation.42,56 Therefore, doping Yb3+ could effectively suppress the strong exciton–

phonon interaction and improve radiative transition probability and PLQY. This 

facilitates the application of crystals for near-infrared light emission and light-emitting 

device. In addition, the NIR emission band center position shifts from 964 to 1000 nm 

as the temperature increases from 80 to 380 K, which can be explained by the change 

in crystal field strength. As the temperature rises, the lattice vibration increases and the 

lattice expands, which ultimately weakens the crystal field. According to the Tanabe-

Sugano energy level diagram of Cr3+ (Figure 3c), a weakening of the crystal field will 

result in a red-shift of the emission spectrum.57
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Figure 5. Temperature-dependent PL spectra of (a) CAIC:Cr3+ excited at 365 nm and 

(b) CAIC:Cr3+, Yb3+excited at 365 nm. (c) The dependence of the PL intensity of 

CAIC:Cr3+ and CAIC:Cr3+,Yb3+ on temperature. (d) The fitting results of FWHM2 as a 

function of 2kT. 

As a demonstration of potential applications, the CAIC:Cr3+,Yb3+ DPSCs were 

applied with InGaN chip (λem=365 nm) to prepare NIR pc-LED samples. Figure 6a 

shows the driving current dependent electroluminescence (EL) spectra of the pc-LED 

device. The NIR EL intensity increases with increasing current. Besides, Figure 6b 

shows the NIR output of 18.0 mW@190 mA, and conversion efficiency reaches 9.45% 

@10mA. We used the prepared pc-LED to test muscle tissue transmission, human vein 

imaging, and night vision ability, as shown in Figure 6c. The results show that intensity 
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of NIR radiation is sufficient to penetrate a 2.5 cm chicken breast (Figure 6ci), and the 

vein distribution of the palm can be clearly observed (Figure 6cii). In addition, a photon 

of an orange is taken with a visible light camera under light (Figure 6ciii) and in the 

dark (Figure 6civ). When the NIR-LED is turned on, the orange can be seen by the NIR 

camera (Figure 6cv). These results suggest that the CAIC:Cr3+,Yb3+ is promising for 

human vein imaging and night vision.

Figure 6. (a) Driven current dependent emission spectra of fabricated NIR pc-LED. 

(b) conversion photoelectric efficiency and NIR output power of pc-LED. (c) 

Photograph of the transmission photographs of a 2.5 cm chicken breast (i) and the veins 
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in the palm (ii) taken with a NIR camera. (iii-v) A photo of an orange taken with natural 

light on (iii) and off (iv) captured with a visible camera and NIR pc-LED light by an 

NIR camera (v).

3. Conclusion

In conclusion, we synthesized a broadband NIR co-doped CAIC:Cr3+,Yb3+ DPSCs 

by a facile hydrothermal method. Under 365 nm excitation, the as-prepared co-doped 

CAIC:Cr3+,Yb3+ DPSCs shows a broadband NIR emission at 1000 nm with the full-

width at half maximum (FWHM) of 188 nm and PLQY 45%. The enhanced PLQY is 

attributed to is attributed to the synergistic effect of reduced non-radiative 

recombination due to defect passivation and increase in crystallinity, and energy 

transfer (ET) of STEs to Cr3+. With the aid of a NIR camera, pc-LED was fabricated 

and used as a light source to capture clear images of veins in the palm. Furthermore, 

the feasibility of pc-LED for night vision applications was successfully demonstrated. 

This study suggests that the synthesized CAIC:Cr3+,Yb3+ DPSCs are promising for 

biomedical imaging applications.
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