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ZnxAl2O4: Cr
3+

 (0.1 mol%) crystals were synthesized by using sol-gel method follow by the annealing treatment with 

temperatures ranging from 600 
°
C to 1000 

°
C. A series of emission peaks associated with the spin-forbidden 

2
Eg→

4
A2g 

transition of Cr
3+

 ions were observed at the range from 650 nm to 720 nm. With the Zn/Al molar ratio increasing, the results 

of X-ray photoelectron spectra showed that the excess Al ions occupying tetrahedral sites decreased. Meanwhile the full 

width at half maximum of emission peaks became much narrower, and the intensity ratio between R line and N line 

increased for all samples but decreased with the annealing temperature increasing. 
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1. Introduction 

 

As a wide bandgap semiconductor (~3.8 eV) [1-3], 

zinc aluminate (ZnAl2O4) has attracted much attention due 

to its thermal stability, chemical stability, and potential 

applications in the field of catalysis [4,5] and display 

(cathodoluminescence) [6,7]. In order to achieve effective 

luminescence, the rare earth elements were most 

considered as dopant ions in spinel structure, such as Eu
2+

, 

Dy
3+

 and Tb
3+

 for SrAl2O4, CaAl2O4, ZnAl2O4, and so on 

[8-10]. However, the scarcity of rare earth elements  

hinders the large-scale practical applicat ions. Recently, 

some researchers found that the band gap of ZnAl2O4 can 

be tuned effectively by transition metals doping so as to 

obtain luminescences with desired wavelengths . Zhang et 

al. [11] investigated the photoluminescence of ZnAl2O4 

crystals doped with Mn
2+

 ions, which  exh ibits an excellent  

green emission at about 512 nm owning to the Mn
2+

 ions 

located in tetrahedral sites within the spinel structure, and 

a red emission related to the Mn
3+

 and Mn
4+

 ions located 

in octahedral sites within the spinel structure. Besides 

green and red emissions, blue emissions associated with 

localized levels in the band gap were presented for Co  

doped zinc aluminates [12]. Afterwards, a strong and 

broad blue emission from ZnAl2O4:Ti crystals was 

reported by Tsai et al. [13].  So, the researches on the 

transition metals doping in semiconductors as substitutes 

for rare earth elements are urgently needed. 

ZnAl2O4 has a normal spinel crystal structure with 

Fd3m space group, in which the tetrahedrally coordinated 

Zn sites (Td) are surrounded by four oxygen ions and 

octahedrally coordinated Al sites (Oh) are surrounded by 

six oxygen ions. The 32 oxygen ions are C3v sites arranged 

in a close-packed cubic format ion leaving 64 tetrahedral 

(Td) and 32 distorted (D3d) sites. The Mn ions with 

different valences should occupy different sites in spinel 

structure, which resulted in  emissions with different  

wavelengths. The Cr
3+

 ions occupying the octahedral sites 

result in the red emissions at 687 nm and 689 nm [14,15]. 

While some defects related to the antisite, such as Zn
2+

 

ions occupying the sites of Al
3+

 ions and Al
3+

 ions 

occupying the sites of Zn
2+

 ions, which cause the energy 

level further splitt ing and new e missions ranging from 698 

nm to 713 nm.  

This work presents the structural and 

photoluminescence properties of ZnAl2O4:Cr
3+

 

nanocrystals with various Zn/Al molar ratio under various 

annealing temperature prepared by using the sol-gel 

method, in which a series of red visib le emissions 

originating from the efficient energy transition of 
4
A2g→

4
T1g(F) and 

4
A2g(F)→4

T2g(F) of Cr
3+ 

are clearly observed 

under 410 nm and 530 nm excitation, respectively. And 

the intensity ratio between R line and N line reveals 

obvious increase with Zn/Al molar ratio. 

 

 



The structure and photoluminescence performances of ZnxAl2O4:Cr3+ crystals with various annealing temperatures      589 

 

2. Experimental details 

 

The starting materials were Zn(NO3)2·6H2O, 

Al(NO3)3·9H2O, CrCl3·6H2O and ethylene glycol 

(Shanghai Aladdin Bio-Chem Technology Co., LTD). 

The theoretical composition of ZnxAl2O4:Cr0.001 (x=0.8, 

1.0, 1.2, respectively) powders were prepared by using 

sol-gel method. Mixtures containing Zn(NO3)2·6H2O, 

Al(NO3)3·9H2O and CrCl3·6H2O were first dissolved in 

deionized water. The mixed solution was stirred for 30 

min, and ethylene glycol was introduced into the slurry 

as stabilizer. The transparent sols were kept at 200 
o
C in 

an oven until gelation. At last, the puffed products were 

calcined for 3 h to  obtain ZnxAl2O4:Cr
3+

 nanophosphors 

at 600
°
C, 800

°
C and 1000 

°
C, respectively.  

The microstructure of ZnxAl2O4:Cr
3+

 phosphors was 

investigated by using X-ray  diffractometer (XRD) with  

Cu-Ka rad iation ( 15406.0  nm). Fourier transform 

infrared spectra in the range of 400-2000 cm
-1

 were 

recorded by using a Bruker IFS66 v/s spectrometer. The 

morphologies were characterized by using scanning 

electron microscope (SEM, FEI Sirion, Holland) and  

transmission electron microscope (TEM , JEOL-2000). 

The X-ray photoelectron spectroscopy (XPS) analysis was 

carried out with a Thermol scientific Escalab 250Xi using 

monochromat ized Al Kα  X-ray source. The PL spectra 

were measured with Spectro-fluorophotometer (FLS920, 

Ed inburgh) and 450 W Xe-lamp was used as the excitation  

source. 

 

3. Results and discussion 

 

3.1. Structural properties 

 

Fig. 1 shows the x-ray diffract ion (XRD) patterns of 

ZnxAl2O4:Cr
3+

 crystals with various annealing 

temperatures. The typical diffraction peaks 

corresponding to the spinel structure of zinc aluminate 

(JCDPS: 82-1043) are observed for all the samples . For 

the samples with 2.1x , the impurit ies related to ZnO 

are presented. With the increasing of annealing 

temperature and the value of x , the intensity of all the 

XRD diffraction peaks increases, while  the full width at 

half maximum (FWHM) decreases, which indicate that 

the crystallite size becomes larger. According to the 

Scherrer's equation [16], the mean grain sizes along (311) 

orientation are calculated, as shown in Fig. 2. As the 

annealing temperature increases from 600 
°
C

 
to 1000 

°
C, 

the grain size reveals a weak increase for Zn0.8Al2O4:Cr
3+

 

crystals. In spite of the smaller crystalline size for x=1.2 

compared to  the case of x=0.8 at the annealing 

temperature of 600
°
C, a sharp increase occurs when the 

annealing temperature is elevated to 1000 
°
C. It indicates 

that the crystals with spinel structure can be formed 

easily in rich-zinc atmosphere. 
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Fig. 1. XRD patterns of ZnxAl2O4:Cr3+ crystals with various annealing temperatures. (a) 600 oC; (b) 800 oC; (c) 1000 oC 

 

600 700 800 900 1000
25

30

35

40

45

 

 

C
ry

st
a
ll

in
e
 s

iz
e
 (

n
m

)

Annealing temperature (
o

C)

1.2

1.0

0.8

 

Fig. 2. The mean crystallite size of ZnxAl2O4:Cr3+ crystals 

Fig. 3 g ives the angular dependence of 

ZnxAl2O4:Cr
3+

 crystals on the annealing temperatures and 

x values. The diffract ion peak shift, which implies 

different defects existing in crystal lattices. According to 

the results of nuclear magnetic resonance (NMR) from 

Sreeja et al. [17], the defects related to Al at tetrahedral 

sites and oxygen vacancies exist on the surface of 

crystals with standard stoichiometry in precursors. For 

the powders synthesized at rich-Al atmosphere, some 

defects related to the zinc vacancies should be presented 

in the lattices. With  concentration increasing of zinc 

source in precursors, more and more Zn
2+

 ions enter the 

spinel lattices, which causes the diffraction peaks shift 

toward lower d iffraction angle because of the larger 
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radius of Zn
2+

 than that of Al
3+

 (0.74 Å VS. 0.5 Å).  
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Fig. 3. The diffraction angles of (311) peaks with respect  

to x for ZnxAl2O4:Cr3+ crystals 

 

 

Fig. 4 illustrates the FT-IR spectrum of 

ZnxAl2O4:Cr
3+

 crystals synthesized at 1000
°
C. The 

functional groups existing in the samples can be deduced 

from the specific frequencies of the absorption peaks. For 

all of the investigated samples, peaks at about 3401, 1641, 

656, 552 and 493 cm
-1

 are presented. The absorption 

peaks at 3401 and 1641 cm
-1

 are assigned to the -OH 

group bending vibration of absorbed water. The peaks at 

493, 552 and 656 cm
-1

, typical spinel structure of zinc 

aluminate , are assigned to bending vibration of [AlO6]  

groups, bending vibration of tetrahedral [ZnO4] groups 

and stretching vibration of octahedral [A lO6] groups, 

respectively [12, 16, 18-20]. 
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Fig. 4. FT-IR spectrum of ZnAl2O4:Cr3+ crystals  

Annealed at 1000 oC 

 

 

3.2. Morphologies  

 

Fig. 5 shows the SEM images of ZnxAl2O4:Cr
3+

 

crystals with annealing temperature at 600 
°
C and 

1000 
°
C, respectively. It is obvious that the crystallite 

size reveals an obvious increase with the increase of 

annealing temperature and Zn/Al molar ratio. It indicates 

that the crystallinity of ZnxAl2O4:Cr
3+

 can be improved in 

the rich-Zn atmosphere, which corresponds to the results 

of XRD. 

 

 

Fig. 5. SEM images of ZnxAl2O4:Cr3+ crystals with annealing temperature at (a)-(c) 600 oC and (d)-(f) 1000 oC 
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In order to investigate the morphology of 

ZnxAl2O4:Cr
3+

 crystals, the measurement of TEM was 

carried out, and the corresponding results are shown in 

Fig. 6. The crystallite size of the samples with x=0.8 is 

very tiny and agglomerated. With  a further increase in 

Zn/Al molar ratio, the part icles reveal an obvious 

increase in the crystallite size, and become more 

dispersive. The crystals with x=1.0 reveal uniform crystal 

sizes, and the larger crystals with x=1.2 become non 

uniform, as shown in the SEM results. 

 

 

Fig. 6. TEM images of ZnxAl2O4:Cr3+ crystals annealed at 1000 oC. (a) x=0.8; (b) x=1.0; (c) x=1.2 

 

 

3.3. XPS 

 

The XPS spectra of Al 2p in ZnxAl2O4:Cr
3+

 crystals 

are shown in Fig. 7. For all the samples, the experimental 

data can be fitted well with two Gaussian peaks. The 

peak at about 73.6 eV is related to Al in [AlO6] group, 

and that at about 72.9 eV is related to Al in [AlO4] group 

[21,22]. It  is obvious that the intensity of peak at 73.6 eV 

increases and that of peak at  72.9 eV decreases with Zn 

concentration increasing in precursors. It suggests that 

excess Al ions should tend to occupy the tetrahedral sites, 

and with Zn concentration increasing, more and more Zn 

ions enter the spinel lattices and occupy the tetrahedral 

sites. However, Al ions in tetrahedral site are still 

observed in the sample with excess Zn ions (x=1.2). 

 

 

 

Fig. 7. XPS spectra of Al 2p for ZnxAl2O4:Cr3+ crystals. (a) x=0.8; (b) x=1.2 

 

 

Fig. 8 shows the XPS spectra of Zn 2p in 

ZnxAl2O4:Cr
3+ 

crystals. Two signal peaks are observed 

for all samples and the experimental data can be fitted 

well with single Gaussian peak. The peaks at about 1022 

eV and 1045 eV can be respectively identified as the 

Zn2p1/2 and Zn2p3/2 lines in tetrahedral sites ([ZnO4 

group]) [23]. Due to the higher format ion energy, Zn ions 

occupying Al sites are not observed in the powders with 

excess Zn ions. It indicates that the excess Zn ions in 

precursors cannot absolutely eliminate the antisite defects 

related to Al occupying Zn sites, but reduce these defects 

in spinel lattices and improve the crystallin ity of zinc 

aluminate crystals. 

 

 

 

 

100 nm 

a 

100 nm 

b 

200 nm 

c 



592                                 A. P. Zhou, D. Zhang, Z. Q. Gong, Q. Shi, C. Li 

 

 

 

Fig. 8. XPS spectra of Zn 2p for ZnxAl2O4:Cr3+ crystals. (a) x=0.8; (b) x=1.2 

 

3.4. PL properties 

 
The typical excitation and emission spectra of 

ZnAl2O4:Cr
3+

 crystals are shown in Fig. 9. When 

monitoring the emission at 687 nm, the specimen  exh ibit  

two main peaks of excitation  at 410 nm and 530 nm, 
suggesting that Cr

3+
 ions are in octahedral symmetry in  

ZnAl2O4 lattices. The broad band of 397-421 nm are 

assigned at 
4
A2g(F)→

4
T1g(F)[24], and the peak located at 

530 nm is assigned at 
4
A2g(F)→

4
T2g(F)[14,25]. A series of 

emission peaks are presented in the PL spectra as shown in 

Fig. 9. With d ifferent excitation wavelengths, the emission 
peaks show the similar profile but different intensity. For 

ZnAl2O4 crystal with spinel structure, the tetrahedral 

positions are occupied by Zn
2+

 ions (8a positions) and the 
octahedral positions are occupied by Al

3+
 ions (16d  

positions). While in the process of crystal growth, some 

defects in connection with inverse spinel structure forms, 
resulting in some Al

3+
 ions occupy 8a positions and some 

Zn
2+

 ions occupy 16d positions [20]. According to the 

results of Singh et al. [25], the prominent line at 687nm 
and the adjacent line at 689 nm can be attributed to the 

regular 16d site of the spinel structure (R lines). The 

emission peaks at 698 nm, 709 nm and 717 nm reflect the 
Cr

3+
 ions perturbed by inversion between Zn

2+
 and Al

3+
 

within the first two coordination spheres (N lines) [25, 

26-28]. 
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Fig. 9. The excitation and emission spectra of 

 ZnAl2O4:Cr3+ crystals calcined at 1000 oC 
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Fig. 10. PL spectra of ZnAl2O4:Cr3+ crystals with 

 annealing temperature ranging from 600 oC to 1000 oC 

 

 

With the annealing temperature increasing from 600 
o
C to 1000 

o
C, the PL intensity is enhanced as shown in 

Fig. 10(x=1.0), which is associated with the improvement  

of crystallin ity of ZnAl2O4:Cr
3+

 crystals and the better 

dispersibility of Cr
3+

 ions in spinel lattices of ZnAl2O4. 

With the value of x increasing from 0.8 to 1.2, the PL 

intensity reveals an obvious increase and more narrow full 

width at half maximum (Fig. 11), indicating that the 

crystallinity of zinc aluminate should be enhanced in the 

rich-zinc atmosphere. Considering the sites of Cr
3+

 and 

Al
3+

 (M
3+

) in spinel structure, more zinc                

ions entering spinel lattices can cause some M
3+

 in 

tetrahedral sites to be transferred into octahedral sites. As 

a result, the intensity of PL peaks corresponding to R lines 

should be more intense than that corresponding to N lines. 

For the investigated samples, the intensity ratios between 

the PL peaks at 687 nm (R line) and 698 nm (N line) are 

shown in Fig. 11(d). With the Zn/Al molar rat io increasing, 

the intensity ratio between R line and N line increases, 

reflecting that the antisite defects related to Al occupying 

the sites of Zn are reduced in  rich-Zn  atmosphere. While 

the higher annealing temperature supply the conditional 
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energy for Zn ions to occupy the Al sites in spinel lattices, 

which makes the intensity ratio between R line and N line 

decrease. Furthermore, the samples with higher Zn/Al 

molar ratio  reveal the narrower FWHM of emission peaks. 

The various crystal fields induced by worse crystallinity, 

resulting in the transition energy shift, then the larger 

range of emission wavelengths can be observed in 

emission spectra. When the crystallin ity is improved, the 

band edge becomes sharper, which induces the more 

narrow emission peaks.  

 

Fig. 11. (a)-(c) PL spectra of ZnAl2O4:Cr3+ crystals with various Zn2+ concentrations and annealing temperatures.  

(d) The intensity ratio between peaks at 687 nm and 698 nm 

 

 

4. Conclusions 

 

ZnxAl2O4:Cr
3+

 crystals with spinel structure were 

synthesized by using sol-gel method and then annealed at 

various temperatures. The crystallite size is enhanced and 

the crystallin ity is improved with annealing temperature 

increasing from 600
°
C to 1000

°
C. Meanwhile, the 

structure and photoluminescence benefit from the 

excessive Zn in precursors. More and more Zn ions enter 

the spinel lattices, especially  occupy the tetrahedral sites, 

which enhances the crystallite size and improves the 

crystallinity of zinc aluminate crystals. On account of the 

improving crystallinity, the intensity of emissions related 

to 
2
Eg→

4
A2g transition of Cr

3+
 ions is enhanced and the 

FWHM decreases to about 1 nm. The presence of N lines 

in PL spectra of all samples suggests that it is inevitable 

for the Al
3+

 ions to occupy the tetrahedral sites. Although 

the intensity of N lines increases with the Zn/Al molar 

ratio increasing, the intensity ratio between  R line and N 

line reveals an obvious increase, indicating that the antisite 

defects are reduced for the samples with  excessive zinc 

source in precursors. With increasing annealing  

temperature, the inversion defects reveal an increase due 

to the higher additional energy supplied by annealing  

process. 
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