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Abstract. Zinc aluminate (ZnAl2O4) is a member of the spinel family which has attracted great 
research interest due to its diverse properties such as hydrophobicity, chemical stability, 
impressive fluorescence efficiency, and thermal stability. These properties make it a suitable 
candidate for application in displays, magnetic refrigerators, catalysis, and light emitting diodes 
(LED). In this study, a well separated ZnAl2O4 doped with Fe3+ ions was synthesised via 
Pechini synthesis method. XRD spectra confirmed the formation of a pure ZnAl2O4 material 
that crystallized in single-phase cubic symmetry belonging to the Fd3m space group of 
ZnAl2O4. This crystal structure was not affected by the incorporation of Fe3+ ions, indicating a 
successful substitution of Fe3+ ions into the ZnAl2O4 lattice sites. Energy dispersive 
spectroscopy was used for elemental composition investigations which validated Zn, Al, and 
O’s presence in pristine sample and confirmed the presence of Zn, Al, O, and Fe in doped 
ZnAl2O4 samples. Photoluminescence (PL) spectroscopy, excited using a xenon lamp, revealed 
two broad emission bands at approximately 440 nm and 745 nm. These emissions are attributed 
to the 4T1→6A1 and 4T2→6A1 transitions of Fe3+ ions, which occupy the tetrahedral (Tet) and 
the octahedral (Oct) coordination sites, respectively, within the ZnAl2O4 lattice. The CIE 
(Commission Internationale de I’Eclairage) confirmed that pure ZnAl2O4 color emission was 
lying in the blue region and upon doping with varying concentrations of Fe3+, the coordinates 
were tuned towards the white colour region, indicating a potential for tunable white emission. 

1 Introduction 

Zinc aluminate (ZnAl2O4) is a significant member of the spinel-aluminate group which has gained enormous 

scientific attention in the last three decades due to their outstanding physical and chemical properties [1,2]. These 

unique sets of properties facilitate their extensive use in applications such ceramics [3], displays [4], and light 

emitting diodes [5]. Additionally, its wide direct band gap of 3.8 𝑒𝑉 enables its utilization as a dielectric material, 

sensor, and optical material [6]. This wide bandgap can be tuned by introducing rare earth or transition metals as 

dopants to serve as luminescent centers. The emergence of several reports on ZnAl2O4 doped with transition 

metals and rare earth ions shows that there is a clear consensus in the scientific community that ZnAl2O4 is a 

promising host material for several activator ions [7, 8]. The intended application informs the researcher about 

the appropriate dopant and dopant concentration required. For economic reasons, doping with transition metals 

is explored by researchers in addition to doping with rare earth ions. Additionally, ZnAl2O4 doped with transition 

metals have gained attention because of the interesting luminescent properties which are induced by the unique 

electron configuration of these transition metals. Moreover, transition metals are suitable for tunable radiation 

sources in optical devices because of their unique emission observed in both the visible and infrared regions [9]. 

Fe3+ in particular, has broadband emissions in the higher energy region when doped in tetrahedral site and in the 

lower energy region when doped in octahedral site [9].  

Literature shows that several researchers do not consider the effects of charge imbalance when doping and 

this can lead to poor luminescence efficiency via the formation of charge defects [10-12]. Therefore, this study 

investigates how Fe3+ incorporation into the Al3+ site of ZnAl2O4 affects the crystal structure and 

mailto:bmsondezi@uj.ac.za


photoluminescence characteristics while maintaining charge balance, with a view toward optimizing white-light 

emission for LED applications. Charge balance was maintained by substituting a trivalent ion (Al3+) with another 

trivalent ion (Fe3+) ensuring a direct charge balanced system.  

2 Experimental details 

2.1 Sample preparation 
Pechini synthesis was used to prepare ZnAl2O4 phosphors doped with varying mol% of Fe3+. The starting 
materials included zinc nitrate hexahydrate (Zn(NO3)2·6H2O) (99.98%), aluminum nitrate nonahydrate 
(Al(NO3)3·9H2O) (99.98%), iron nitrate nonahydrate (Fe(NO3)3·9H2O) (>98%), tartaric acid (C4H6O6) and nitric 
acid (HNO3). The pristine sample was prepared by dissolving stoichiometric amounts of Zn(NO3)2·6H2O and 
Al(NO3)3·9H2O in 10 millilitres of nitric acid in a glass beaker, and C4H6O6 in 40 millilitres of distilled water in 
a separate glass beaker. Separately, the two solutions were stirred for 20 minutes at 150 ℃ on a hot plate. The 
two solutions were then mixed, and the mixture was stirred at 150 ℃ for about 2 hours forming a polymerized 
resin. After 10 hours of drying at 80 ℃, the sample was crushed into a fine powder and calcined for 3 hours at 
600 ℃. The same procedure was repeated with stoichiometric amount of Fe(NO3)3·9H2O added to substitute 
Al(NO3)3·9H2O for the synthesis of ZnAl(2-x)FexO4 (x = 0.01, 0.025, 0.05, 0.08 mol%) samples. 

2.2 Instrumentation 

Powder X-ray diffraction (XRD) investigation using Cu Kα (𝜆 = 1.5405Å) radiation on a MiniFlex600 

diffractometer at 40 kV and 15 mA was conducted to characterize the crystal structures. A scanning electron 

microscope (SEM, TESCAN VEGA 3 XMU, LMH instrument, Brno, Czech Republic) in conjunction with 

energy dispersive X-ray spectroscopy (EDS) was used to analyse the particle morphology of the sample. A Horiba 

QM8000 spectrofluorometer equipped with double excitation and emission monochromators was used to 

measure photoluminescence spectra. The signal from the sample was detected using a PPD-850 Si photodiode 

detector, and the excitation source was a Xe lamp.  

3 Results and Discussion 

3.1 Powder X-ray diffraction analysis 

The X-ray diffraction (XRD) patterns of ZnAl(2-x)FexO4 (x=0, 0.01, 0.025, 0.05, 0.08 mol%) are shown in fig. 

1(a). The peaks of all the synthesized samples are consistent with the standard phase data of ZnAl2O4 referenced 

from JCPDS file no. 82-1043. The absence of impurity or additional peaks from these samples indicates a single-

phase formation suggesting that the materials crystallized in a single-phase cubic spinel compound belonging to 

𝐹𝑑3𝑚 space group of ZnAl2O4. The phase structure of ZnAl2O4 phosphors was not altered when the Fe3+ ions 

concentration was increased and this shows that ZnAl(2-x)FexO4 powder samples were successfully synthesized.  

Samples Lattice parameters 

a (Ǻ) 

X = 0 8.089 

X = 0.01 8.081 

X = 0.025 8.087 

X = 0.05 8.082 

X = 0.08 8.091 

Table 1: Depicts estimated lattice parameters of ZnAl(2-x)FexO4 (x=0, 0.01, 0.025, 0.05, 0.08 mol%). 

It is apparent from Fig. 1(a) that peak (311) is the most intense and was subsequently used to analyze the 
effects of doping on the peak position as shown in Fig. 1(b). A noticeable shift towards smaller angles was 



observed and this reveals that the dimension of unit cell (cell parameter) is affected by doping with Fe3+ ions as 
depicted in table 1. This change of lattice parameters may be attributed to the substitution of an ion with a smaller 
ionic radius (Al3+ =0.054 nm) by an ion with a larger ionic radius (Fe3+=0.065 nm). Similar results have been 
reported by several researchers when substituting ions of different ionic radius [13, 14]. 

 

Figure 1: (a) XRD pattern of ZnAl(2-x)FexO4(x=0, 0.01, 0.025, 0.05, and 0.08 mol%) and (b) enlarged XRD 

pattern of high intensity (311). 

3.2 Morphological and chemical composition analysis 

 

 

Figure 2: EDS spectrum and SEM images of ZnAl(2-x)FexO4 (a) x = 0, (b) x = 0.01, x = 0.05 and (c) x = 0.08. 



The morphology of the ZnAl(2-X)FexO4 phosphor materials were examined from the SEM images as shown in Fig 

2. Fig 2(a) depicts the morphology of the pristine ZnAl2O4 which is characterized by irregular shaped particles 

with small particles encrusted on the surface of larger particles. These irregular shaped particles are reduced in 

size upon doping with 0.01 mol% of Fe3+ as shown in Fig. 2(b).  Further increment of the dopant concentration to 

0.05 and 0.08 mol% resulted in the morphology of the samples showing soft agglomerates that display plate-like 

irregular morphology with observable grain boundaries and small particles encrusted on the surface of larger 

particles as seen in Fig. 2(c and d). The presence of Zn, Al, and O in the pristine sample and Fe in the 0.08 mol% 

doped sample are confirmed by the EDS spectra displayed in Fig 2(a) and Fig 2(d), respectively. Fe ions were not 

detected for 0.05 mol% doped sample in Fig. 2(c), and this is probably due to lower dopant concentration which 

may be below the detection limit of the instrument. The carbon that is detected in these samples is from the carbon 

coating used to coat samples and does not come from the samples. 

3.3 Photoluminescence studies 

Figure 7: The PL (a) excitation (under λem= 415 nm) spectra of ZnAl2O4, (b) the deconvoluted PL excitation 

spectra of ZnAl2O4 and (c) emission spectra (under λex=375 nm ) of ZnAl(2-x)FexO4(x=0, 0.01, 0.025, 0.05, and 

0.08 mol%) phosphors. The variation of 407, 430, and 745 nm peaks as a function of Fe3+ concentration is shown 

in the inset of (c). 

The PL excitation spectra of ZnAl2O4 phosphors was obtained while maintaining the emission wavelength at 415 

nm and scanning the spectrum in the wavelength range of 250-400 nm as displayed in Fig. 3(a). In the excitation 

spectra, two prominent broad bands with peaks at 283 and 375 nm were observed and are attributable to the band-

to-band transition of ZnAl2O4 [7,15]. The deconvoluted excitation PL spectra of the undoped ZnAl2O4 shown in 

Fig. 3(b), exhibits a broad band between 3 and 4.8 eV. The most prominent broad peak which has a maximum at 

3.49 eV is assigned to the band-to-band transition of the AlO6 anion grouping of ZnAl2O4, while the 3.28 eV 

peak is due to the intrinsic intra-bandgap defects such as oxygen vacancies (Vo) of ZnAl2O4 [9,16]. There is 

limited literature reporting the 3.10 and 3.91 eV peaks.    

The PL emission spectra of the ZnAl(2-x)FexO4 (x = 0, 0.01, 0.025, 0.05, and 0.08 mol%) are shown in Fig.  

3(c). 407, 430 and 745 nm peaks are observed in this emission spectra with the 407 and 430 nm peaks red shifted 

to 417 and 440 nm, respectively, upon the introduction of Fe3+ dopant into the host material. Doping with Fe3+ 

ions clearly quenches the emission intensities of the 407 and 430 nm peaks and improves the intensity of the 745 

nm peak, as can be seen in the emission spectra. The maximum intensities of the 407 and 430 nm peaks are 

observed in pristine ZnAl2O4 and their quenching upon doping with Fe3+ suggests that these peaks can be 

attributed to the defect related intra-band transitions such as oxygen vacancies (Vo) and Zn2+ interstitials in the 

spinel lattice which are reduced by the introduction of Fe3+ ions [5,17]. Several researchers have observed similar 

cationic redistribution effects and the quenching of the defect related emissions when introducing Fe3+ ions into 

the crystal structures of different host materials such as ZnO and ZnS with Fe3+ [18,19]. This further suggests 

that the radiative transitions changed and ZnAl2O4 no longer emits but rather captures primary excited energy 

and transfers it to Fe3+ dopants. The relation between emission intensities and Fe3+ concentration is depicted in 

the insert of Fig. 3(c). This inset shows a sharp drop of the 407 and 430 nm peaks and an enhancement of the 745 

nm peak upon the introduction of Fe3+ dopant.  



The intensity of the 745 nm peak on the other hand increased remarkably upon doping with Fe3+ ions with 

the maximum intensity observed when x = 0.05 mol% Fe3+ doping concentration beyond which the emission 

intensity decreases. This quenching of the emission intensity at higher concentration can be attributed to 

concentration quenching effects. The 417 and 440 nm emission peaks can be attributed to tetrahedral coordinated 

Fe3+ ions while the 745 nm peak can be attributed to the octahedral coordinated Fe3+ ions because ZnAl2O4 has 

two different substitutional sites namely, tetrahedral, and octahedral site and Fe3+ dopants emit at shorter 

wavelength (blue region) when occupying tetrahedral sites and emit at longer wavelength (red region) when 

occupying octahedral site [7]. Pathak et al. [8] observed similar peaks at 440 and 740 nm which were attributed 

to the tetrahedral coordinated and octahedral coordinated Fe3+ ions respectively. Furthermore, the emission from 

the tetrahedral coordinated Fe3+ ions in this study is ascribed to the 4E + 4A1(4G)→6A1(6S) transition, while the 

emission related to the octahedral coordinated Fe3+ ions belongs to the 4T2(4G)→ 6A1(6S) transition [20, 21]. 

 

 

Figure 8: CIE chromaticity diagram of ZnAl(2-x)FexO4 (x=0, 0.01, 0.025, 0.05, and 0.08 mol%). 

From the emission spectra, the CIE coordinates of ZnAl(2-x)FexO4 phosphors were calculated to determine the 
possible color emission points lying on the horse-shoe curve of the visible spectrum as shown in Fig. 8. The 
calculated color coordinates (x, y) of pure ZnAl2O4 were found to be (0.16; 0.11) which shifted towards the white 
region upon doping with Fe3+. Doping with x = 0.05 mol% Fe3+ ions influenced these coordinates and shifted 
them to (0.33; 0.31), which are closer to those of white color coordinates. The standard coordinates of white color 
are (0.33; 0.33) [5]. Increasing the Fe3+ dopants concentration to x = 0.08 shifted the coordinates to (0.30; 0.29), 
which is a shift towards the blue region. This indicates that ZnAl(2-x)FexO4 is a promising phosphor for use as 
sources of blue and white light in LED lighting systems. 

4 Conclusion 

In this work, the effects of Fe3+ concentration on the photoluminescent properties of ZnAl2O4 were investigated. 

The XRD patterns demonstrated a successful crystallization of a single-phase ZnAl2O4 that was not affected by 

the Fe3+ doping. PL emission peaks attributable to defect related intra-band transitions were observed for undoped 

ZnAl2O4 and were quenched upon doping with Fe3+. Significant enhancement of the 745 nm peak attributed to 

octahedrally coordinated Fe3+ was observed with the maximum emission peak observed for 0.05 mol% doped 

sample above which the intensity dropped. Pristine ZnAl2O4 emitted in the blue region which shifted towards 

white color upon doping. These findings not only contribute to understanding transition metal-doped spinel 

phosphors but also pave the way for designing efficient, tunable phosphor materials for LED technology. 
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