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Abstract: In this study, red-emitting AlPO4:Cr3+ phosphors have been successfully synthesized by 

a facile sol-gel method. The Tanabe–Sugano diagram demonstrates that the surrounding sites of 

Cr3+ ions have a high crystal field with Dq/B=2.47. The sharp 694-nm peak on the PL of AlPO4:Cr3+ 

phosphor could be attributed to the 2E→4A2 electron transition of Cr3+ ions. The AlPO4:0.3%Cr3+ 

phosphor presents the highest PL intensity, then a purple LED prototype is obtained by coating the 

optimum powder on a UV LED chip. The color coordinates (0.2412, 0.1330) of the purple LED 

prototype imply that AlPO4:Cr3+ phosphors are promosing to be used as deep red phosphor powder 

for horticulture LED lighting. 
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1. Introduction  

With the rapid growth of world economy and population, the energy and environment are the two 

emerging issues attracting an increase in attention [1]. Besides the accelerated growth of light-emitting 

diodes (LEDs) lighting, it is highly demanded to innovate commercial artificial greenhouse planting 

technology in order to obtain high-standard vegetables and green grains [2–5]. Comparing to the 

conventional light sources (e.g., fluorescent lamp, incandescent lamp, and metal halide lamp etc.), LED 
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has been considered as a new interesting light source because of many advantages such as low energy 

consumption, low radiant heat output, high performance, eco-friendliness, and long lasting [6]. It is well 

known that the blue (430–520 nm), red to deep-red (630–750 nm) light are crucial for the growth of 

plants because they are responsible for photosynthesis, phototropism, and photomorphogenesis, 

respectively [7]. Importantly, it is possible to adjust the spectral composition of LED based on the 

absorption spectrum needed for plants growth by designating suitable phosphors which are often blue 

and red phosphors [8]. Therefore, the high demand for deep-red-emitting phosphors has been recently 

received a great attention [2]. Theoretically, red light could be generated by converting a part of violet 

emission from a violet LED chip using suitable phosphors powder [6]. Up to now, rare-earth ions such 

as Eu3+, Sm3+, Ce3+ have been mostly used for commercial red-emitting phosphors because of their high 

luminescent efficiency [6, 8–16]. However, they still have several major drawbacks includinghigh price 

, high undesirability near-UV absorption, environmentally unfriendliness and insignificant far-red light, 

which limit their applications in horticulture lighting [2, 3]. In contrast, the transition-metal-based 

phosphors exhibit many superior properties like non-toxicity, low cost and ablity to emit far-red 

emission. Hence, it is very promising to use them instead of rare earth-based materials [3, 8, 14]. 

Unfortunately, their biggest disadvantage is the low luminescent efficiency.  

In the group of transition metal ions, Cr3+ ion with the unfilled (3d3) electrons is a promising 

candidate for far-red growth LED because the Cr3+-based phosphors have not only two strong absorption 

bands peaking around 410 and 560 nm but also remarkable red/far-red emissions [3,6,14–16,18]. In 

addition, it is worthy to note that crystal fields have a strong influence on the emission spectra of Cr3+ 

ions [19,20]. Hence, this issue is a major challenge for the scientists and researchers. Owning fantastic 

properties such ashigh availability , low cost , superior chemical resistance and thermal steadiness, 

AlPO4 matrix is prevalently used as an artificial frame over a large range of temperature from 400 to 

800 C [21]. According to the literature, the synthesis of Cr3+-doped AlPO4 phosphor and the effect of 

crystal field on its optical properties; however, have not been studied yet.  

Herein, the far-red-emitting AlPO4:Cr3+ phosphor has been successfully synthesized by a simple sol-

gel method. The influence of annealing temperature and Cr3+ level on the phase structure, morphology, 

and optical properties have been thoroughly investigated. The correlation between the luminescent 

properties of AlPO4:Cr3+ phosphor and crystal field has also been studied. A proof of coated-phosphor 

LED concept has also been fabricated to demonstrate the performance of red emission. 

2. Experimental  

AlPO4:Cr3+ powder was fabricated by a simple sol-gel method using these starting materials: 

aluminum nitrate nonahydrate (Al(NO3)3.9H2O, 99.9%), chromium (III) nitrate nonahydrate 

(Cr(NO3)3.9H2O, 99.9%), citric acid (C6H8O7, 99.5%) and ammonium dihydrogen phosphate 

(NH4H2PO4, 99.9%). Firstly, Al(NO3)3.9H2O, Cr(NO3)3.9H2O and citric acid with the calculated weight 

ratio, as shown in Table 1, were dispersed in deionized water using a magnetic stirrer at ambient.  Then, 

9.2 g NH4H2PO4 was presented, then the obtained product was magnetically stirred at 120 °C to 

completely remove the residual water prior to achieving a high-viscosity crystal-clear gel. The obtained 

product was further dehydrated at 150 °C for 3 − 5 h to get a moitureless gel. In the last step, the dry gel 

was annealed at various temperatures in the range of 1200 − 1500 °C for 5h in air to get AlPO4:Cr3+ 

powder. 

The morphology structure was characterized by a field emission scanning electron microscopy 

(SEM – Hitachi S4800). The XRD pattern of AlPO4:Cr3+ powder was determined by an X-ray 
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diffractometer (D8 Advance, Bruker) equipping with a CuKα radiation source (λCu=1.5406 Å); in which, 

the 2 is scanned from 15 to 65 with a step of 0.02. The excitation and emission spectra were carried 

out at ambient by a NanoLog fluorescence spectrophotometer (Horiba) equipped with a 450 W xenon 

discharge lamp as the excitation source. 

Table 1. The different amounts of raw materials for synthesize AlPO4:xCr3+ phosphors 

Sample Al(NO3)3.9H2O (g) NH4H2PO4 (g) Cr(NO3)3.9H2O (g) Citric acid (g) 

AlPO4:0.1%Cr3+ 29.97 9.2 0.032 16.8 

AlPO4:0.3%Cr3+ 29.91 9.2 0.096 16.8 

AlPO4:0.5%Cr3+ 29.85 9.2 0.16 16.8 

AlPO4:0.7%Cr3+ 29.79 9.2 0.224 16.8 

AlPO4:1%Cr3+ 29.7 9.2 0.32 16.8 

AlPO4:1.5%Cr3+ 29.55 9.2 0.48 16.8 

3. Results and Discussion  

Figures 1a&b show the FESEM image and XRD pattern of AlPO4:0.3%Cr3+ phosphor thermally 

treated at 1500 °C for 5h in air, respectively. It is noticed that the particle size is varying from 

submicrometers to several micrometers. As shown in Figure 1b, both  two crystalline phases AlPO4 

(JCPDS 11-0500) [22] and CrO3 (JCPDS 32-0285) [21] are co-existed in the XRD of the obtained 

sample. In which, the peaks at 2θ = 21.9; 25.55; 28.30; 31.24, and 36.03 respectively correspond 

to (111), (020), (021), (112) and (220) planes of the orthorhombic AlPO4 structure (JCPDS 11-0500) 

[21, 22].  

 
Figure 1. (a) FESEM image and (b) XRD pattern of AlPO4:0.3%Cr3+ phosphor air-annealed at 1500 °C for 5h. 

Figure 2 illustrates PLE and PL spectra of the AlPO4:0.3%Cr3+ phosphor air-annealed at 1500 °C 

for 5h (λex = 395 nm). The PLE spectrum in Figure 2a indicates that the materials absorb intensely with 

two bands peaking at about 396 and 556 nm. These absorptions are assigned to spin-allowed 4A2→4T1 

and 4A2→4T2 transitions of Cr3+ ions, respectively. 
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As shown in Figure 2b, the PL spectrum of the AlPO4:0.3%Cr3+ phosphor exhibits several peaks 

centering at 684, 694, 701 and 707 nm; in which, the narrow-deep emission peaking at 694 nm shows 

the highest intensity. It was reported that there were  several levels of low energy in the incompleted 3d3 

electronic shell of Cr3+ ions and luminescent emissions could be generated by optical transitions [23]. 

 
Figure 2. (a) PLE spectrum measured for the 694 nm emission; (b) PL spectra of the AlPO4:0.3%Cr3+ phosphor 

annealed at 1500 °C for 5h in air, measured under the excitation wavelength of 394 nm. 

Figure 3 illustrates the levels of Cr3+ ions in an octahedral crystal field presented in the Tanabe–

Sugano diagram; in which, 4F level  can split into the 4A2, 4T2 and 4T1, while the 2G level can split into 

the 2E, 2T1, 2T2 and 2A1 [24]. The 4A2 which is considered as the ground state has the lowest energy [23, 

24]. Tanabe–Sugano diagram in Figure 3 describes the relationship between energy splitting levels (E/B) 

and  the crystal field strength (Dq/B) where Dq is the octahedral crystal ligand field splitting parameter 

and B is the Racah parameter [25].  

The energy level of excited state 2E shows a similar value with that of 2T1 state for different field 

strengths; hence, there is only a narrow-band emission generated by the 2E→4A2 transition.On the 

contrary , the other energy levels of 4T2, 4T1, 2A1 states are more influenced by the field strength, inducing 

a broad emission band [26, 27].Specifically , Cr3+ ions could stay in weak, medium or strong crystal-

field site where the Dq/B value is less, equal or higher than 2.3, respectively. For a weak crystal field, 

an obvious broadband in the PL could be related to the improvement of the phonon assisted 4T2→4A2 

transitions, explained by the higher level of the excited 2E state in comparison with 4T2 state. For a 

medium crystal field, there will be a superpostion between 4T2 and 2E state. Then, the PL spectrum shows 

a coincidence of the broadband emission resulted by 4T2→4A2 transition and R lines generated by the 

2E→ 4A2 transition and phonon sideband transitions. For a strong crystal-field site, the excited 2E state 

has the lowest energy level and there are narrow zero-phonon lines (R lines) in the PL spectrum [9, 14]. 

According to Huyen et al., the lattice parameters Dq, B and Dq/B could be derived from the excitation 

spectrum, giving that Dq = 1798.6 cm-1, B = 729 cm-1 and Dq/B = 2.47 [6, 11, 13]. These results reveal 

that the surrounding site of Cr3+ ions has a strong crystal field. As shown in Figure 2b, the PL spectrum 

illustrates a narrow emission band with the FWHM of only ~4 nm peaking at 694 nm, possibly 

contributing to the 2E→4A2 transition of Cr3+ ions [4, 9]. In addition, the band peaking at 670 nm and 

684 nm can be assigned to the contribution of anti-Stokes of Cr3+ emission [28]. While 707-nm 

sharpened N-line could be related to the enhancement in the number of Cr3+ ion-coupling states (N line) 
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or to the vibronic transitions [29], the 715-nm emission peak is ascribed to the 4T2 →4A2 transition [4, 

5, 15]. 

 
Figure 3. Tanabe–Sugano diagram of Cr3+ ions in the octahedral crystal field (a); energy levels of the Cr3+ ions in 

a weak crystal field (b); a medium crystal field (c) and a strong crystal field (d). 

In order to investigate the influence of annealing temperature on the optical properties, the PL 

spectra of the AlPO4:0.3%Cr3+ powder prepared at a variety of temperatures have been recorded and 

represented in Figure 4. It is worth noticing  that the PL intensity of the 694 nm is continuously increased 

in the temperature range of 1200 ˗ 1500 °C. Additionally, the enhancement in the 694-nm peak intensity 

may be contributed by the better diffusion process of Cr3+ ions with a higher annealing temperature [30]. 

 
Figure 4. Tanabe–Sugano diagram of Cr3+ ions in the octahedral crystal field (a); energy levels of the Cr3+ ions in 

a weak crystal field (b); a medium crystal field (c) and a strong crystal field (d). 

The PL spectra of the AlPO4:x%Cr3+ (x = 0.1−1.5%) phosphors air-annealed at 1500 C for 5 h have 

been carried out and the results excited by the two different wavelengths of 400 nm and 560 nm are 

shown in Figures 5a&b. Although the PL patterns of all AlPO4:x%Cr3+ phosphors share a similar shape, 

the PL intensity is significantly influenced by the Cr3+ doping level. The insets of Figures 5a&b show  

that the PL intensity achieves the highest value at the doping level of 0.3%, then decreases with a higher 
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concentration of Cr3+ ions. It is reported that the distance of adjacent Cr3+ ions is too large with the low 

concentration of Cr3+ ions, leading to the low luminescent intensity due to the low density of luminescent 

centers [6]. With a higher level of Cr3+ ions, the distance between two neighbour Cr3+ ions becomes 

shorter, making the easier transfer of energy among Cr3+ ions. After reaching a threshold value when 

the distance reaches the critical distance, the PL intensity decreases, as shown in Figures 5a&b. It could 

be explained by the quenching phenomenon by concentration [31–33]. 

 
Figure 5. 3D PL spectra of AlPO4: x%Cr3+ (x = 0.1-1.5%) phosphors air-annealed at 1500 °C for 5h under the 

excitation wavelength of (a) 400 nm and (b) 560 nm. 

To further study how the luminescent quenching phenomenon occurs, the critical distance (Rc) has 

been calculated by following the Blasse equation [31, 34, 35]: 
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In which, V is volume of the unit cell, Xc is the threshold of the Cr3+ ions concentration when the PL 

intensity starts decreasing and N is the number of the unit cells. For the annealed-at-1500 °C sample, 

with V= 352 Å3, Xc= 0.3 mol%, N= 2, the calculated Rc value is 32.74 Å, which is quite close to the 

previous Rc reported for Cr3+-doped phosphor [6, 31, 34, 36, 37]. This Rc value is much greater than the 

critical distance of 5 Å for an effective interaction of energy transfer mechanism, implying that the 

multipolar interaction is accounted for the phosphorus quenching [31, 34, 36, 37]. In addition, there are 

three main types of the multipolar interactions: dipole-dipole, dipole-quadrupole, quadrupole-

quadrupole interactions [34, 37]. According to Dexter theory [10, 13, 14, 38, 39], the correlation between 

the emission intensity and the quenching Cr3+ ions level could be this reduced equation [34]:   

)log(
3

)log( XC
X

I 
     (2) 

Where C is a constant and X is the Cr3+ concentration when the quenching phenomenon occurs.  is 

the corresponding function to each multipolar interaction, taking the value of 6, 8, 10 which are 

corresponding to the dipole-dipole, dipole-quadrupole, quadrupole-quadrupole interactions [34, 37].  

The relationship between log(I/X) and log(X) using the different excitation wavelength is  shown in 

Figure 6. Here,  could be determined as a linear coefficient, giving the estimated values of 0.948 and 

0.951 for the excitation wavelength of 400 nm and 560 nm. These values are more close to 6 than 8 or 
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10. Thus, it is predicted that the dipole-dipole interaction is the significant factor in the multipolar 

interaction of Cr3+ ions [34]. 

 
Figure 6. The relationship between log (I/x) and log (x) excited by the wavelength of (a) 400 nm and (b) 560 nm. 

The color coordinates (x, y) of PL spectra for the samples doped with various Cr3+ ions levels are 

shown in Table 2. Because the PL spectra show a resemble pattern, the (x, y) coordinates are quite 

similar with the various concentrations of Cr3+ ions.  

Table 2. The (x, y) coordinates of PL spectra for the samples doped with numerous Cr3+ ions levels. 

%Cr3+ (x, y) 

0.1 (0.7105, 0.2894) 

0.3 (0.7121, 0.2878) 

0.5 (0.6971, 0.3027) 

0.7 (0.6911, 0.3088) 

1.0 (0.6709, 0.3289) 

1.5 (0.6562, 0.3435) 

Hence, only the chromatic coordinate of the optimized sample (AlPO4:0.3%Cr3+) is illustrated at x 

= 0.7121; y = 0.2878 on CIE Chromaticity diagram in Figure 7. It is noted that this coordinate is quite 

adjacent to some far-red phosphors such as KLaMgWO6:0.6%Mn4+ (0.7205, 0.2794) [40], ZnGa2O4:Cr3+ 

(0.678, 0.263) [41] which were previously reported. Hence, the AlPO4:Cr3+ phosphor could be useful as 

a deep far-red luminescence material for WLED applications.  

 
Figure 7. CIE chromaticity coordinate of AlPO4:0.3%Cr3+ sample annealed at 1500 °C for 5h in air. 
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To make a proof of concept, a purple LED prototype was prepared by coating the AlPO4:0.3%Cr3+ 

powder on a 395-nm (UV) LED chip. The electroluminescence (EL) spectra of uncoated- and coated-

phosphor UV chips are illustrated in Figure 8a, in which, the inset shows the EL spectrum of phosphor-

coated chip. The inset in Figure 8a exhibits two intensively sharp emissions peaking at 395 nm and 694 

nm, corresponding to participation of the UV LED chip and the AlPO4:0.3%Cr3+ powder. As shown in 

Figure 8b, the color coordinates of the LED are (x=0.2412; y=0.1330), showing a shift towards the blue 

region in comparison  with AlPO4:0.3%Cr3+ phosphor. The digital image of the LED prototype is given 

in the inset of Figure 8b with OFF and ON mode, demonstrating that the purple LED prototype was 

successfully fabricated. 

 
Figure 8. (a) The comparison between the electroluminescence spectrum of bared UV chip and phosphor-coated 

chip (the inset shows the zoom-out EL spectrum of phosphor-coated chip) and (b) CIE chromaticity diagram of a 

prototype purple LED fabricated by coating the AlPO4:0.3%Cr3+ phosphor on a 410-nm (UV) LED chip. 

4. Conclusion  

In this paper , AlPO4:Cr3+ powder with extremely sharp emission band (FWHM~4 nm) peaking at 

694 nm was  synthesized by a facile sol-gel method. The Tanabe–Sugano diagram demonstrates that the 

neigbour sites surrounding Cr3+ ions is a strong crystal field (Dq/B=2.47) and the 694-nm peak could be 

attributed to the 2E→4A2 transition of Cr3+ ions. The highest PL intensity was achieved for the 

AlPO4:0.3%Cr3+ sample. By coating the AlPO4:0.3%Cr3+ phosphor on a UV LED chip, a prototype of 

purple LED was effectively made, giving the color coordinates (x, y) of (0.2412, 0.1330).  Therefore, it 

is promising to use AlPO4:Cr3+ powder as an interesting deep-red phosphor for the horticulture lighting. 
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