
HAL Id: hal-03023609
https://hal.science/hal-03023609

Submitted on 25 Nov 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Facilitating low energy activation in the near-infrared
long-afterglow complex spinel Zn1+xGa2-2xSnxO4:Cr

3+ via band gap engineering and control of cation
occupancy

Zaifa Pan, Victor Castaing, Liping L Yan, Lulu Zhang, Cong Zhang, Kang
Shao, Yifan Zheng, Changkui Duan, Jianhua Liu, Cyrille Richard, et al.

To cite this version:
Zaifa Pan, Victor Castaing, Liping L Yan, Lulu Zhang, Cong Zhang, et al.. Facilitating low energy
activation in the near-infrared long-afterglow complex spinel Zn1+xGa2-2xSnxO4:Cr 3+ via band
gap engineering and control of cation occupancy. Journal of Physical Chemistry C, 2020, 124 (15),
pp.8347-8358. �10.1021/acs.jpcc.0c01951�. �hal-03023609�

https://hal.science/hal-03023609
https://hal.archives-ouvertes.fr


 

1 

 

Article type: Full Paper 

 

Facilitating low energy activation in the near-infrared long-afterglow complex 

spinel Zn1+xGa2-2xSnxO4:Cr3+ via band gap engineering and control of cation 

occupancy 

Zaifa Pan†,*, Victor Castaing†, Liping Yan, Lulu Zhang, Cong Zhang, Kang Shao, 

Yifan Zheng, Changkui Duan, Jianhua Liu, Cyrille Richard, Bruno Viana*  

Prof. Z.F. Pan, L.P. Yan, L.L. Zhang, C. Zhang, Dr. K. Shao 

College of Chemical Engineering, Zhejiang University of Technology, Hangzhou 

310014, P.R. China 

E-mail: panzaifa@zjut.edu.cn  

Prof. Y.F. Zheng 

Research Center of Analysis and Measurement, Zhejiang University of Technology, 

Hangzhou 310014, P.R. China 

Prof. C.K. Duan 

Key Laboratory of Strongly-Coupled Quantum Matter Physics, Chinese Academy of 

Sciences, School of Physical Sciences, University of Science and Technology of 

China, Hefei 230026, P. R. China 

V. Castaing, Prof. B. Viana 

PSL Research University, Chimie ParisTech − CNRS, 

Institut de Recherche de Chimie Paris, 75005 Paris, France, 

E-mail: bruno.viana@chimie-paristech.fr 

J. Liu, Dr. C. Richard 

Unité de Technologies Chimiques et Biologiques pour la Santé, Université Paris 

Descartes, CNRS UMR8258, INSERM U1267, Paris, France 

 

Keywords: persistent luminescence, complex spinel, low energy activation, band gap 

engineering, cation occupancy control 

ABSTRACT 

mailto:panzaifa@zjut.edu.cn
mailto:bruno.viana@chimie-paristech.fr


 

2 

 

Cr3+ activated persistent luminescent phosphors with the spinel structure, and 

particularly ZnGa2O4:Cr3+, are attracting a great deal of attention for their distinctive 

deep red persistent emission and their potential bio-imaging applications. The 

exploration of new spinel host lattices has the potential to produce new superior 

persistent luminescence materials by optimization of the emission and trapping 

properties. Here, we report the detailed optical characterization of a series of 

near-infrared long-afterglow materials with nominal formula Zn1+xGa2-2xSnxO4:Cr3+, 

which have been synthesized by high temperature solid-state methods. The variation 

of crystal field strength and band gap energies causes both the persistent luminescence 

excitation and emission (Cr3+: 4T2 → 4A2 band) spectra of the optimized complex 

spinel samples to be redshifted compared to the normal spinel ZnGa2O4:Cr3+. The 

persistent emission redshift is of interest for improved deep tissue penetration, 

whereas the persistent excitation redshift facilitates the activation of the persistent 

luminescence by low energy radiation. Furthermore, it appears that increasing the rate 

of cation site-inversion in the spinel can lead to an optimum anti-site defect 

concentration for charge trapping. These results, which highlight the benefit of cation 

occupancy control for persistent luminescence properties, may be of further interest 

for the development of spinel materials with optimized optical properties. 

 

1.Introduction 

Persistent luminescent materials are attracting a great deal of attention in 

bio-imaging applications, because they feature an inherent advantage over 

conventional luminescent materials that require constant in situ excitation.[1-4] This 

feature not only suppresses photodamage of biological tissue from external excitation 

light, but also reduces autofluorescence background,[5] leading to ultrahigh 

signal-to-noise ratio. Furthermore, due to the deep penetration of near infrared (NIR) 

photons in bio-tissues, persistent luminescent materials with NIR emissions are 

particularly suitable for deep tissue imaging.[1-7] Cr3+ activated phosphors with the 

spinel structure are currently the most promising materials for such applications, due 
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to the suitable afterglow wavelength of Cr3+ (in the 650 - 750 nm emission range) and 

the high concentrations of antisite defects that are supported by the spinel lattice. 

The normal spinel ZnGa2O4:Cr3+ was reported as a new bright red persistent 

luminescent phosphor in 2011. The potential of its deep red persistent luminescence 

for application in in vivo imaging was demonstrated using activation by visible light 

(orange/red LEDs).[7,8] It is reported that the afterglow originates mainly from 

distorted Cr3+ and that antisite defects in the spinel lattice play a crucial role in the 

trapping mechanisms. However, the afterglow performance of ZnGa2O4:Cr3+ is still 

too low for practical application. In the race for new persistent luminescent materials 

for in vivo applications, a considerable amount of research on the persistent emission 

and trap tuning by aliovalent substitution,[9] co-doping[10-14] and lattice modification of 

the spinel host is still in progress. [15-18]  

The red persistent luminescence of this spinel phosphor was improved 

considerably by the aliovalent substitution of gallium by germanium or tin, with a 

nominal composition Zn1+xGa2−2x(Ge/Sn)xO4(0 ≤ x ≤ 0.5).[9] Such aliovalent 

substitutions (in this case the replacement of a trivalent cation by tetravalent one) 

induces distorted octahedral sites in the resulting spinel solid solutions, which are 

surrounded by octahedral Ge/Sn positive defects, and work as new efficient traps. 

Similarly, the new partially Ge-substituted host, Zn3Ga2Ge2O10:0.5%Cr3+ presents a 

great enhancement of the NIR persistent luminescence, which can glow for more than 

360 hours and can be repeatedly charged by sunlight.[15] New tin containing spinel 

host Zn3Ga2SnO8:0.5%Cr3+[17] and Al doped non-gallate long-persistence phosphors 

Zn2-xAl2xSn1-xO4:0.2%Cr3+[18] have also been designed. Both of these show 

remarkable long persistent luminescence properties with the potential for reproducible 

tissue imaging applications. Finally, a further enhancement of the persistent 

luminescence was obtained in Pr3+/Cr3+ co-doped zinc gallogermanate 

Zn3Ga2Ge2O10:Cr3+,Pr3+ and applied to long-term in vivo targeted tumor imaging, 

after bioconjugation with the peptide c(RGDyK).[10]  



 

4 

 

Spinels are conventionally represented by the formula AB2O4, in which element 

A is a divalent cation occupying a four-coordinate tetrahedral site and B is a trivalent 

cation occupying a six-coordinate octahedral site.[19,20] Consequently, a normal spinel 

can be described as (A)[B]2O4, where parentheses () and brackets [] denote tetrahedral 

and octahedral sites, respectively. In addition to the normal spinel structure, the 

valence state of the cations can be tetravalent and divalent, for example in TiMg2O4 

and TiZn2O4
[21,22] which are inverse spinels. In the inverse spinel structure, all the 

tetravalent cations (M) and half of the divalent cations (N) occupy octahedral sites, 

while the rest of the divalent cations (N) occupy tetrahedral sites. The general 

structure of inverse spinel compounds can be represented by the formula (N)[MN]O4. 

It should be pointed out that intermediate occupancies (partial disordering of cations 

between the sites) are commonly observed with inverse cation distributions, which 

can be written as (A1−xBx)[A
x
⁄2B1−

x
⁄2]2O4. For instance, the ZnGa2O4 host contains ~3% 

antisite defects.[9,18] Thanks to their distinctive antisite defects, spinel compounds are 

the most important hosts for near infrared long afterglow luminescent materials.[7] It is 

expected that site inversion will be more abundant in these intermediate occupancy 

compounds than those of pure normal spinel hosts. 

Because of this structural chemistry, new complex spinels designed with 

intermediate site occupancies have the potential to host high concentrations of antisite 

defects, leading to better afterglow properties. Hence, a series of near infrared 

afterglow materials, comprised of complex spinels with different ratios of spinel 

ZnGa2O4 and inverse spinel Zn2SnO4, were targeted and prepared by a high 

temperature solid state method. The crystal structures and cation site occupancies 

were characterized by X-ray powder diffraction (XRD), transmission electron 

microscopy (TEM) and X-ray photoelectron spectroscopy (XPS). The effects of the 

band gap and traps on the afterglow properties in different hosts were studied by PL 

and PLE spectra, persistent luminescence excitation spectra, thermoluminescence 

curves and photon counting imaging. This detailed optical characterization 

demonstrates that these new complex spinel persistent luminescence materials are 
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more suitable for in vivo imaging through low energy activation. The evolution of the 

optical properties as a function of composition are discussed and illustrated with a 

series of schematic energy level diagrams. 

2.Experimental 

2.1. Sample preparation 

The complex spinels were designed as combinations of the normal spinel 

ZnGa2O4 and inverse spinel Zn2SnO4 with different ratios, as represented by the 

formula Zn1+xGa2-2xSnxO4 :Cr3+ (x = 0.09, 0.11, 0.14, 0.20, 0.33, 0.5, 0.66 and 0.8, 

which we denote as ZGSO-2, ZGSO-3, …, and ZGSO-8). ZnGa2O4 (ZGO-1) and 

Zn2SnO4 (ZSO-9) were also prepared for comparison. The specific chemical 

composition of each sample is listed in Table 1. The doping content of activator Cr3+ 

is 0.5 mol % versus Ga3+ for all Ga containing samples and 0.5 mol % for the 

Zn2SnO4 sample. The powder samples were synthesized by a high-temperature 

solid-state method starting from binary oxide materials: ZnO (99.99%), Ga2O3 

(99.99%), SnO2 (99.99%), and Cr2O3 (99.99%). These starting materials were 

weighed according to the stoichiometric ratio of the formula. The mixed powders 

were ground homogenously in an agate mortar, and then the mixtures were put into an 

alumina crucible. The alumina crucible was subsequently placed in a high temperature 

furnace at 1350 ℃ for 9 h in air to produce the final samples. After cooling to room 

temperature, the phosphors were ground to a fine powder.  

Table 1. Chemical compositions of complex spinels with different ratios of ZnGa2O4 and 

Zn2SnO4. 

Samples ZnGa2O4 :Zn2SnO4 Zn1+xGa2-2xSnxO4 :Cr3+ 

ZGO-1 1:0 x = 0 

ZGSO-2 10:1 x = 0.09 

ZGSO-3 8:1 x = 0.11 

ZGSO-4 6:1 x = 0.14 

ZGSO-5 2:1 x = 0.33 

ZGSO-6 1:1 x = 0.5 
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ZGSO-7 1:2 x = 0.66 

ZGSO-8 1:4 x = 0.8 

ZSO-9 0:1 x = 1 

2.2. Characterization 

The crystal structures and phase purities of the samples were characterized by 

PXRD using a PANalytical X'Pert Pro diffractometer with Cu Kα radiation, operating 

at 40 mA and 40 kV in the 2θ range from 5° to 125°, with a scanning step of 0.0167°. 

High-resolution transmission electron microscopy (HRTEM) micrographs, selected 

area electron diffraction (SAED) patterns and elemental mapping analysis were 

operated under a high-angle annular dark field mode by scanning transmission 

electron microscope (STEM, FEI Tecnai G2 F30 S-TWIN) with an accelerating 

voltage of 300 kV. XPS measurements were performed using an Axis Ultra DLD 

spectrometer (Kratos Analytical). The instrument was equipped with a 

monochromatized aluminium X-ray source powered at 15 kV and 3 mA, which 

delivered an X-ray beam of 300 μm × 700 μm. Charge compensation was obtained 

with a built-in charge neutralization system. The pass energy was set to 160 eV for 

both the survey spectra and the high-resolution spectra, and the pass energies of Zn 2p, 

Zn LMM Auger line, Ga 2p, O 1s and Sn 3d were 20 eV, 80 eV, 40 eV, 20 eV and 20 

eV, respectively. The binding energies were calculated with respect to the C 

component (BE = 284.8 eV) of the C 1s peak, and a Shirley background subtraction 

was used. For the spectrum fitting, an XPS analysis program XPS peak 4.1 was used, 

and a Lorentz–Gauss algorithm was applied. The fitted peak positions were compared 

with those reported in the literature and the full width half maximum (FWHM) of all 

the peaks was also used to evaluate the reasonableness of the fitting results. The 

diffuse reflection spectra were measured with a Shimadzu UV-2700 UV-VIS-NIR 

spectrometer. A 365 nm LED (ThorLabs) was used as the excitation source for the 

photoluminescence spectra (PL), persistent luminescence (spectra and decays) and 

thermoluminescence. For the photoluminescence excitation (PLE), and persistent 

luminescence excitation spectra, the excitation was provided by an intense Xe plasma 
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lamp (EQ-99X LDLS, Energetiq Inc.) coupled to a monochromator. For the persistent 

luminescence excitation measurements, the sample was placed in a fixed sample 

holder, and the afterglow spectrum was recorded 30 seconds after a 2 minute 

excitation. The sample was then heated at 300 °C for 5 minutes to thermally empty 

the traps, then the excitation wavelength was changed and the process reiterated. All 

the optical measurements above were recorded using a charge coupled device (CCD) 

camera (Roper Pixis 100) coupled to a visible 300 grooves per mm monochromator 

(Acton Spectra Pro, Princeton Instruments). The persistent luminescence decay 

comparison of all studied samples was recorded using a photon-counting device 

(Optima, Biospace Lab). The samples were arranged in a circle and excited 

simultaneously using LEDs.  

 

3.Results and discussion 

3.1 Crystal structure characterization 

ZnGa2O4 has a normal spinel structure, as shown in Figure 1. Normal spinel 

structures usually belong to the cubic lattice system with two tetrahedral and four 

octahedral sites per formula unit. Even though there are about 3% antisite defects in 

the normal spinel lattice of ZnGa2O4,[9] this situation evolves dramatically with 

cationic substitution. Indeed, Figure 1b shows that Zn2+ ions occupy the tetrahedral 

sites and Ga3+ ions occupy the octahedral sites, while Zn2SnO4 possesses an inverse 

spinel structure, where Zn2+ ions occupy two different positions: half of these Zn2+ 

ions occupy tetrahedral sites as in normal spinel structure, and the rest occupy the 

octahedral sites (along with the Sn4+ ions). Both of these two materials are cubic 

close-packed oxides with space group Fd-3m. In the complex spinel combined by 

ZnGa2O4 and Zn2SnO4, the tetrahedral sites are expected to be filled by Zn2+ ions, the 

octahedral sites are filled by the rest of the Zn2+ ions and all of the Sn4+ ions and Ga3+ 

ions. It should be noted that site inversions are expected to be more abundant in this 

complex spinel than in the pure normal spinel ZnGa2O4
[9].  
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Figure 1. (a) The crystal structure of the normal spinel ZnGa2O4. The blue spheres represent Zn, 

red spheres represent O, and yellow spheres represent Ga. (b) Polyhedral view of a complex spinel. 

The tetrahedral sites are expected to be filled by Zn2+ ions, the octahedral sites are filled by the 

rest Zn2+ ions and all the Sn4+ ions and Ga3+ ions.   

A series of Cr3+ doped long afterglow materials with a complex spinel (ZGSO) 

structure were synthesized by the systematic variation of molar ratios between 

ZnGa2O4 and Zn2SnO4 end members. These samples form a solid solution whose 

diffraction patterns are consistent with the standard pattern of ZnGa2O4 (PDF 

No.086-0413), as shown in Figure 2. All of the samples are phase-pure, indicating 

that complex spinel structures can be obtained through this solid solution approach 

which combines the normal and inversed spinel structures. In addition, the diffraction 

peaks of the samples are very sharp and intense, confirming a high degree of 

crystallinity. As shown in Figure 2, with the decrease of the ZnGa2O4 content, the 

diffraction peaks of ZGSO shift to a lower angle and become gradually closer to the 

diffraction peaks of Zn2SnO4 (PDF No.074-2184), indicating that the unit cell 

volumes of the samples are between that of the ZnGa2O4 and Zn2SnO4 spinels. This 

phenomenon can be explained with Bragg’s equation,  

                                         （1）              

where λ is the Cu Kα X-ray wavelength (λ = 0.154178 nm), d is the distance between 

the two crystal planes and θ is diffraction angle. As shown in Figure 1, in the 

2 sin ,  1,2,3...d n n  
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complex spinel Zn1+xGa2-2xSnxO4 :Cr3+, the tetrahedral sites are filled by divalent Zn2+ 

cations, and the octahedral sites are occupied by the remaining Zn2+ cations and all of 

the tetravalent Sn4+ and trivalent Ga3+ cations. In other words, the complex spinel 

could be viewed as the substitution of 2Ga3+ by a Zn2+-Sn4+ cation pair. Because the 

sum of the ionic radii of two Ga3+ cations (0.76 Å, CN = VI) is less than the sum of 

Zn2+ (0.88 Å, CN = VI) and Sn4+ (0.83 Å, CN = VI)[23], the cell volume of the 

complex spinel ZGSO and Zn2SnO4 are larger than those of ZnGa2O4. Hence, the d 

value increases, which results in diffraction peaks shifted to a lower angle. 

Additionally, the XRD results also demonstrate that Cr3+ has been doped into ZGSO 

without changing the crystal structure. Considering that the radius of Cr3+ (0.755 Å) is 

close to that of Ga3+ (0.76 Å), Cr3+ is inclined to occupy the octahedral Ga3+ sites.  

 

Figure 2. XRD patterns of complex spinel ZGSO, the standard data for ZnGa2O4 (PDF 

No.086-0413) and Zn2SnO4 (PDF No.074-2184). 

XPS studies of the complex spinel ZGSO-3 (Zn10Ga15.92SnO36:0.08Cr3+) and the 

ZGO-1 (ZnGa2O4:Cr3+) samples were carried out to confirm the coordination site 

occupancies of each cation. Figure 3A shows the XPS survey scan of ZGO-1 and the 
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high resolution spectra of Zn 2p, O 1s, Zn LMM and Ga 3d; Figure 3B shows the 

XPS survey scan of ZGSO-3. In Figure 3(a1), the binding energies of 1021.4 eV and 

1044.5 eV for Zn 2p peaks can be attributed to the 2p3/2 and 2p1/2 states of Zn2+ in 

tetrahedral coordination, respectively. Comparing with Figure 3(a1), the binding 

energies of Zn 2p in Figure 3(b1) are 1021.2 eV and 1044.3 eV, which show no 

obvious shift. However, the Zn 2p3/2 peak of ZGSO-3 is broader and can be fitted with 

two peaks (1021.2 eV and 1023.4 eV), indicating that Zn occupies two sites, i.e. the 

tetrahedral and the octahedral sites, in ZGSO-3. Since higher coordination number 

will result in higher binding energy, the highest binding energy shoulder should 

originate from Zn in the six coordinate octahedral sites[24]. The area of the peak with 

the higher binding energy is smaller than that of the peak with low binding energy, 

suggesting that the number of Zn atoms in the six coordinate octahedrons is smaller, 

which is consistent with our design principle. Figure 3(a3) and (b3) show the Auger 

lines of Zn in the ZGO-1 and ZGSO-3 samples. Figure 3(a2) shows the high 

resolution spectra of O 1s of ZGO-1, which can be fitted as three peaks. The highest 

binding energy originates from the adsorbed oxygen, and the other peaks correspond 

to the two chemical states of O. As Zn has weaker electronegativity and stronger 

metallicity than Ga, the lower binding energy is related to the Zn-O bond and the 

higher binding energy is related to the Ga-O bond.[24] Figure 3(b2) shows the high 

resolution O 1s spectra of ZGSO-3, which can be fitted as four peaks. In comparison 

with Figure 3(a2), there are additional peaks caused by Sn in the host. Due to the 

higher electronegativity of Sn compared to those of Ga and Zn, the highest binding 

energy is related to the Sn-O bond. The high resolution Ga 3d spectra, which overlap 

with O 2s and Sn 4d, are shown in Figures 3(a4) and (b4) respectively. The binding 

energy of Ga 3d in ZGSO-3 (19.5 eV) appears to be lower than that of Ga 3d in 

ZGO-1 (20.0 eV). This could be due to the accommodation of Sn in the octahedral 

sites and the higher electron cloud density for the octahedral Ga environment. Figure 

3(b3) shows the high resolution Sn 3d and Zn Auger spectra, which can be fitted by 
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Zn LMM peaks and two Sn 3d peaks, with Sn 3d3/2 at high binding energy (494.5 eV) 

and Sn 3d5/2 at low binding energy (486.0 eV). 

 

 

Figure 3. (A) XPS survey scan and high-resolution Zn 2p, O 1s, Zn LMM and Ga 3d XPS spectra 

of ZnGa2O4, (B) XPS survey scan and high-resolution Zn 2p, O 1s, Ga 3d and Sn 3d XPS spectra 
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of ZGSO-3.  

Figure 4 shows the high resolution transmission electron microscopy data 

obtained from a sample of ZGSO-3. As shown in Figure 4(a), the sample exhibits 

clear lattice fringes, confirming the high degree of crystallinity observed by PXRD. 

The main d-spacings were measured as 0.295 nm and 0.191 nm, which corresponds to 

the (220) and (331) Miller planes respectively, as obtained by PXRD. The SAED 

pattern shows sharp, intense diffraction spots, that can be indexed to the (220), ( ) 

and ( ) reflections of the spinel structure in perfect agreement with the XRD 

results. By using the high angle annular dark field image probe (HAADF), element 

distribution mapping of ZGSO-3 was conducted and is shown in Figure 4(c). From 

the figure, a uniform distribution of the Zn, Ga, Sn, Cr elements and O was observed, 

demonstrating that the samples are highly homogeneous.  

 

Figure 4. (a) HRTEM images, (b) SAED image, and (c) element distribution mapping of ZGSO-3. 

3.2  Diffuse reflectance spectra and photoluminescence properties  

Figure 5(a) shows the diffuse reflectance spectra of the complex spinels 

Zn1+xGa2-2xSnxO4:Cr3+, normal spinel ZnGa2O4:Cr3+ and inverse spinel Zn2SnO4:Cr3+. 

The spectra of all samples show two obvious absorption peaks, peaking for instance 

for the ZnGa2O4:Cr3+ sample at 550 nm and 420 nm, which originate from the 4A2(4F)

→ 4T2(4F) and 4A2(4F)→ 4T1(4F) transitions of Cr3+ respectively. The observed 
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shoulders at around 300 nm are due to the 4A2(4F)→4T1(4P) spin-allowed absorption 

peak of Cr3+, partially overlapping the band gap edge of ZnGa2O4. The band gap 

absorption edge originates from the O2--Ga3+ charge-transfer transition in the ZnGa2O4 

host.[25] With the decrease of the ZnGa2O4 content, the three absorption peaks of Cr3+ 

shift towards longer wavelengths, due to an increase of the crystal field splitting as the 

Sn content increases. The band gap absorption edge also shifts gradually towards the 

longer wavelength, indicating that the band gap becomes smaller when increasing the 

Zn2SnO4 content. 
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Figure 5. (a) The diffuse reflectance spectra and (b) (hνF(R∞))2-hν plots of ZGSO-X, ZGO-1 and 

ZSO-9. The band-gap energy for each sample was estimated from the intercept of the fitted dashed 

line with (hνF(R∞))2 = 0. 

In order to calculate the band gap energies and their variations for all the samples, 

we convert the diffuse reflectance R∞ into a Kubelka-Munk function F(R∞) as follows: 

[26] 

                         （2） 

Then one plot (hνF(R∞))2 with hν according to the equation proposed by Tauc:[27] 

                                     （3） 

where hv is the photon energy, A represents a proportionality constant and Eg is the 

band gap energy value. The band-gap energy values can be estimated from the 

intercepts of fitted straight lines with the (hνF(R∞))2 = 0 horizontal line in the obtained 

graph, as shown in Figure 5(b). It is found that the band-gap energy values of the 
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samples decrease gradually from 4.87 to 3.65 eV with increasing Zn2SnO4 content. 

The measured band-gap energy of the ZnGa2O4 sample in this work is smaller than 

that reported for samples prepared via hydrothermal methods (5.07 eV), but larger 

than that reported for samples prepared by solid state methods (4.76 eV).[28] The latter 

tends to be smaller due to a Zn deficiency induced at high sintering temperatures [7]. 

The value of the band gap of pure Zn2SnO4 agrees well with the one reported 

previously.[17] 

Figure 6(a) presents the photoluminescence excitation (PLE) spectra of ZGSO, 

ZGO-1 and ZSO-9, monitoring their emission at 696 nm. The PLE spectra of all 

samples possess a strong band-to-band absorption and three excitation bands due to 

the 4A2(
4F)→4T2(

4F), 4A2(
4F)→4T1(

4F) and 4A2(
4F)→4T1(

4P) transitions of Cr3+, 

which are in agreement with the absorption bands in the diffuse reflectance spectra. 

Taking the PLE spectrum of ZGSO3 as an example, it contains a strong and broad 

excitation band located at 272 nm, which can be attributed to the VB→CB transition 

of the host. The other peaks at 555 nm, 404 nm and the shoulder at 320 nm can be 

assigned as 4A2(
4F)→4T2(

4F), 4A2(
4F)→4T1(

4F) and 4A2(
4F)→4T1(

4P) transitions of 

Cr3+ respectively.[17,29] The VB→CB absorption feature is slightly red shifted from 

274 nm to 292 nm and its intensity decreases with the increase of the inverse spinel 

Zn2SnO4 content. As shown in Figure 6(b) and Table 2, with the increase of the 

inverse spinel Zn2SnO4 content, the 4A2(
4F)→4T2(

4F) band shifts towards the red 

range (i.e. 550 nm for ZnGa2O4:Cr3+ and 598 nm for Zn2SnO4:Cr3+) with declining 

intensity. This is related to the decreasing crystal field strength of the solid solution as 

the proportion of inverse spinel increases. Hence, the energy levels of 4T2(
4F), 4T1(

4F) 

and 4T1(
4P) manifolds shift downwards, as presented in the d3 Tanabe-Sugano 

diagram presented Figure 7. For a more quantitative analysis, the crystal field 

strength Dq and the Racah parameters B can be estimated by the energy of various 

excitation peaks as follows :[30]  

                                         （4）  210 qD 
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                       （5） 

where ν1 and ν2 are the energy corresponding to Cr3+ ions [4A2→4T1] and [4A2→4T2] 

transitions, respectively. The obtained results are presented in Table 2 and marked in 

Figure 7 with vertical lines.  

  

Figure 6. (a) PLE spectra of all ZGSO samples, including ZGO-1 and ZSO-9. (b) The normalized 

PLE spectra ranging from 480 to 680 nm for all samples. 

 

Table 2. Peak position of PLE and estimated crystal field parameters of Cr3+ in the complex spinel 

samples ZGSO, ZGO-1 and ZSO-9. 

 4A2→4T1 [nm] 4A2→4T2 [nm]  Dq [cm-1] B [cm-1] Dq/B 

ZGO-1 403 550 1818  645  2.818  

ZGSO-2 404 553 1808  651  2.778  

ZGSO-3 405 557 1795  661  2.717  

ZGSO-4 406 558 1792  657  2.726  

ZGSO-5 410 568 1761  670  2.626  

ZGSO-6 412 575 1739  686  2.537  

ZGSO-7 417 580 1724  669  2.577  

ZGSO-8 421 589 1698  677  2.508  

ZSO-9 425 598 1672  685  2.442  
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Figure 7. Tanabe-Sugano diagram of Cr3+ with d3 electron configuration in the complex spinel 

samples ZGSO-X, ZGO-1 and ZSO-9. 

 

Photoluminescence (PL): 

In the previous section, we highlighted the evolution of the excited states energies (via 

the Tanabe-Sugano diagram)  as a function of the compositional variation. In the 

following section, the evolution of the emission properties is presented. The 

normalized PL spectra are shown in Figure 8. For the ZnGa2O4:Cr3+ (ZGO-1) 

reference compound, the expected Cr3+ 2E → 4A2 PL spectrum is observed, and is 

composed of several sharp lines including the R1, R2, N1 and N2 lines, which are 

well reported and characteristic of chromium on the gallium octahedral site.[31,32] 

When Sn4+ substitutes for Ga3+, several modifications of the PL spectra are observed. 

Initially, the Cr3+ emission lines broaden with increasing Sn4+ content. This can be 

explained by the increased Cr3+ nearest-neighbor disorder as the Sn4+ content 

increases. In parallel, a large contribution appears in the deep red range between 700 

nm and 900 nm and shifts towards higher wavelengths as the Sn4+ content continues 

to increase. This broad band can be attributed to the Cr3+ 4T2 → 4A2 emission as 

already reported in the literature for the zinc gallate host.[33] Furthermore, the 
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observed redshift is in good agreement with the crystal field evolution as determined 

by the excitation spectra. 

 
Figure 8: (a) Normalized PL spectra of the ZGO-1, ZGSO-X and ZSO-9 samples. (b) PL 

emission spectra of the samples with highlighted N2 line and 4T2 → 4A2 emission band. For 

all measurements, a 365 nm LED was used as excitation source. 

 

Persistent luminescence: 

In the previous paragraph, we demonstrated that the increase of the Sn4+ content leads 

to a significant red shift of the Cr3+ 4T2 → 4A2 emission. The purpose of the 

following part is to study what occurs to the persistent luminescence alongside the 

solid solution. The normalized persistent luminescence (AG-PL) spectra are presented 

in Figure 9 (a). As soon as Sn4+ substitutes for Ga3+, the predominance of N2 

increases and the R lines become barely distinguishable. In addition, the broad band 

contribution of the Cr3+ 4T2 → 4A2 on the persistent luminescence spectra increases 

and shifts towards the near infrared range as the Sn4+ content increases. However, the 

signal to noise ratio suggests that the persistent luminescence intensity of ZGSO-7, 

ZGSO-8 and ZSO-9 is lower compared to compounds with less Sn4+ substitution. The 

persistent luminescence decay profiles, presented in Figure 9 (b) confirm that at some 

point, the increase of Sn4+ content lowers the persistent luminescence intensity. Still, 

it can be observed that low Sn4+ content compounds (ZGSO-2, ZGSO-3 and ZGSO-4) 

possess persistent luminescence intensities comparable and even better to the ZGO-1 

reference material. Indeed, the ZGSO-2 and ZGSO-3 phosphors have higher 

performance and persistent luminescence intensity than ZGO-1 in the first minutes 
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after stopping the UV excitation (for instance 55 s for ZGSO-3 and 123 s for 

ZGSO-2). The higher intensity and faster decay of the persistent emission of tin 

substituted zinc gallates suggests shallower traps compared to ZGO-1. The trap 

evolution in these materials will be further studied using thermoluminescence (TL). 

Nevertheless this behavior should be very interesting for bioimaging applications. 

 

 
Figure 9: (a) Normalized persistent luminescence spectra of ZGO-1, ZGSO-X and ZSO-9 

samples recorded 1 min after 365 nm excitation for 5 min. (b) Persistent luminescence decays 

of the same samples using the same excitation conditions. 

 

As demonstrated in Figure 6 (absorption and excitation spectra), both the 

band-to-band energy and the energies between the 4A2 and the 4T levels decrease with 

Sn4+ content. In order to find out if the observed redshifts can be useful for charging 

the persistent luminescence, the persistent luminescence excitation spectra (also called 

AG-PLE) were recorded (see Figure 10). In this figure, the persistent luminescence 

excitation spectrum of the reference sample (ZGO-1) is compared to the ZGSO-4 and 

ZGSO-5 with intermediate dopant content. The ZGO-1 AG-PLE spectrum is 

composed of one intense band peaking at 320 nm and one weaker band centered 

around 600 nm. This is consistent with previous results obtained by Bessière et al[34] 

in which the high energy band was associated with the charging through the bandgap 

with conduction band mixed with the 4A2 → 4T1 transition, whereas the low energy 

band was related to the charging through the 4A2 → 4T2 band triggered by a local 

electric field.[31] The ZGSO-4 and ZGSO-5 AG-PLE spectra are slightly different. 



 

19 

 

Although the high energy band is lower compared to the ZGO-1 material, an 

interesting red shift is found as the Sn4+ content increases. This redshift is of major 

importance for persistent luminescence charging using blue LEDs which are less 

expensive and more powerful compared to UV sources. More interestingly, we 

observe that the low energy bands are not only shifted towards the deep red range but 

are also more intense when Sn4+ is added. This is of major interest for persistent 

luminescence materials used for in vivo imaging. Indeed, the ZGSO-5 material will be 

the compound with the highest persistent luminescence intensity with deep red 

charging, which is an important requirement for in vivo charging and long-term 

bioimaging.[7]  

 

Figure 10: Persistent luminescence excitation spectra of ZGO-1, ZGSO-4 and ZGSO-5 

samples. 

 

In order to analyze the persistent luminescence decays (Figure 9) and the persistent 

luminescence excitation spectra (Figure 10) in more detail, a photon counting imaging 
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camera was used to record the persistent luminescence intensity after several 

excitation modes. It is important to note that this system leads to an approximate 

maximal error of 10%. After 365 nm excitation (Figure 11 (a), (c) and (d)) it is 

notable that, with the exception of ZGSO-2 (in the 10 % error bar range), the 

persistent luminescence intensity decreases when Sn4+ content increases. Moreover, 

the difference between integrated intensity after 25 min and 70 min is smaller for 

ZGO-1 than ZGSO-2 which corresponds to a slower persistent luminescence decay 

for ZGO-1. These results are in good agreement with the AG-PL and AG-PLE results 

previously presented. The procedure was repeated with 625 nm excitation (Figure 11 

(b), (e) and (f)), an excitation wavelength with smaller energy at the edge of the first 

biological window where the transparency of the tissue starts to be efficient. It is 

found that the highest persistent luminescence intensity is obtained for a partially tin 

substituted compound, ZGSO-5, in good agreement with the AG-PLE measurements. 

In a same way, the integrated intensity of the persistent luminescence was recorded 

after exposure to ambient laboratory light i.e. visible light charging (see Figure S1). 

Again, the integrated intensity was found to increase from ZGO-1 to ZGSO-5 and 

then decreases at higher tin contents, in good agreement with the blue shift of the 

charging bands observed with AG-PLE results. The integrated intensity difference 

between 6 min and 17 min after 625 nm excitation is lower for ZGO-1 compared to 

ZGSO-5. This indicates that the trapping is more efficient for the ZGSO-5 tin partially 

substituted compound than ZGO-1 but that the trap depth should decrease with 

increasing tin content.  

The following part of the paper is dedicated to the study of the evolution of the trap 

depths and trap distribution with Sn4+ content by means of thermoluminescence. 
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Figure 11: Pictures of the samples using photon counting system (a) 25 min after UV (365 

nm) excitation and (b) 6 min after 625 nm excitation. The diagrams represent the persistent 

luminescence intensity integrated during 3 min (c) 25 min after 365 nm, (d) 70 min after 365 

nm, (e) 6 min after 625 nm and (f) 17 min after 625 nm excitation. 

 

To highlight the great potential of ZGSO complex spinels for in vivo imaging, 

the persistent luminescence emission of three selected samples was carried out under 

a 7 mm thick raw pork slice (Figure 12 (a)). To demonstrate the possible in vivo 

activation of the persistent luminescence, the samples were excited with a 625 nm red 

LED through the raw pork slice. The samples were previously heated at 300 °C to 

ensure that no charges were trapped before charging with the red LED. After the red 

light charging through the raw pork slice, all the samples present persistent 

luminescence decays as presented on Figure 12 (b) and (c). The number of the 

persistent photons collected with the camera through the raw pork slice increase 

drastically from ZGO-1 reference spinel to ZGSO-5. Indeed, the number of photons 

collected for ZGSO-5 is 400 times higher compared to ZGO-1 reference material 90 s 

after stopping the excitation. This result is consistent with the increasing persistent 

luminescence charging using in the deep red range for partially tin substituted samples. 
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This strong increase of the collected persistent luminescence evidences the 

tremendous interest of the ZGSO-5 sample for possible in vivo bio-imaging. 

 

 

Figure 12: (a) Picture of the raw pork slice used for the measurements. (b) 

Persistent luminescence decays of ZGO-1 (black triangles), ZGSO-2 (red dots) and 

ZGSO-5 (blue squares) recorded 90 s after 2 minutes of 625 nm excitation through the 

raw pork slice. (c) Pictures of the samples under the raw pork slice using the photon 

counting system. 

 

Thermoluminescence: 

The persistent luminescence decay curves of the different compounds have different 

slopes revealing an evolution of the persistent luminescence kinetics and an evolution 

of the trap depths. To study the trap positions of each compound, we performed 

thermoluminescence studies. From the normalized TL profiles (Figure 13 (a)), we 

observe that the trap depths decrease with the increase of Sn4+ content. This is 
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consistent with the steeper slopes of the decay profiles with higher Sn4+ contents. 

Moreover, the TL bands are broader when Sn4+ substitutes for Ga3+. This can be 

related to the increasing number of SnGa° and ZnGa’ defects. These two defects can act 

as electron and hole traps respectively. The TL glow curves (Figure S2) have been 

integrated to compare the persistent luminescence efficiency and the total trap 

capability (Figure 13 (b)). In order to compare the persistent luminescence efficiency, 

the profiles have been integrated between 298 and 313 K, which is the useful 

temperature range for applications. The persistent luminescence efficiency decreased 

all along the solid solution. To estimate the total trap capacity, the whole 

thermoluminescence spectra have been integrated, even in low temperature ranges 

(where the de-trapping occurs immediately after stopping the excitation) and at high 

temperature ranges (where at room temperatures the trapped charges cannot be 

de-trapped). Unlike the persistent luminescence efficiency, a small Sn4+ content can 

improve the total charge trapping and the charging of the materials. This explains why 

the persistent luminescence profiles of ZGSO-2 and ZGSO-3 are higher than ZGO-1 

at short times after stopping the excitation, and validates the interest in studying these 

compounds. 

 

Figure 13: (a) Thermoluminescence glow curves of selected samples after UV excitation 

during 5 minutes at 14 K. (b) TL integrated intensity around RT relative to ZGO-1, 

representing the persistent luminescence efficiency at room temperature. Inset, total TL 

integrated intensity relative to ZGSO-2, representing the total storage capacity of the 

persistent phosphors. 
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Discussion: 

The optical results obtained from the materials mainly indicate the following 

evolutions with the tin substitution: 

(i) A redshift of the main persistent luminescence excitation band; 

(ii) A decrease in intensity of this main persistent luminescence excitation 

band; 

(iii) A redshift of the persistent luminescence excitation band related to 

chromium bands; 

(iv) An intensity increase of this persistent luminescence excitation band; 

(v) A shift towards lower temperature of the thermoluminescence bands; 

(vi) A broadening of the thermoluminescence bands; 

(vii) An decrease intensity of the thermoluminescence signal (around RT) 

 

In the following part we tentatively explain why these properties evolve in this 

way with the composition, and propose a set of schematic energy-level diagrams (as 

presented in Figure 14) to illustrate this interpretation. 

The decrease of the band gap energy with the increase of Sn4+/Ga3+ 

substitution can explain process (i). Indeed, a decrease of the band gap can lead to a 

decrease in the energy difference between the Cr3+ ground state and the conduction 

band. This is observed through the shift of the main excitation band. This process is 

schematized in Figure 14 by the decreasing length of the dotted arrows and by the 

color going from violet to blue. 

The crystal field strength variation, illustrated in the Tanabe-Sugano diagram, 

[(see Figure 7)] explains the decrease in the energy difference between the Cr3+ 4A2 

and 4T2 levels and the redshift of the low energy persistent excitation band 

[observation (iii)]. 

The shift towards low temperature of the TL bands (v) may be explained either 

by the decrease of the bandgap energy or by the decrease of the crystal field as 
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de-trapping is assumed to occur through the band gap and the chromium excited 

bands.[31,34]  

The decrease in intensity of the persistent excitation band in the UV/blue range 

(ii) reveals the decreases of the useful traps when persistent luminescence is required. 

The lowering of the trap depths observed with TL may explain this decrease. In 

Figure 14, the useful and ineffective traps are presented in green and red respectively. 

This decrease of the relevant traps is consistent with the decrease of the 

thermoluminescence signal around room temperature (vii), yet the total TL glow 

curve is higher for ZGSO-2 and ZGSO-4 than for ZGO-1, which indicates a higher 

total storage capability. 

The trapping processes have been linked to the antisite defects stabilized in the 

local environment of Cr3+,[31,35] and 71Ga NMR studies have previously shown that the 

antisite content first increases and then decreases with Ga3+/Sn4+ substitution.[8] These 

results can explain the first increase of the total storage capability (from ZGO-1 to 

ZGSO-2) followed by its decrease along the solid solution. 

The TL peak broadening (vi) can be linked to the defect distribution, 

particularly to the antisite defects, which increases with tin content. 

Finally, the increasing charging efficiency through the Cr3+ bands (iv) is 

observed from ZGO-1 to ZGSO-5. It could be linked to an increase of the local 

electric field brought by the antisite defects around Cr3+. The evolution of the 

surrounding local environment of Cr3+ with Sn4+ substitution for Ga3+ is clearly 

observed in the EPR spectra (see Figure S3). This evolution is schematized by the 

yellow “lighting” arrow in Figure 14. 
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Figure 14: Schematic representation of the energy diagram evolution to model the evolution 

of the luminescence properties with the material composition. In this scheme, the trapping 

through the charge transfer from Cr3+ to the conduction band is represented by dotted arrows. 

The decreasing energy required for this process is schematized by the decreasing size and the 

color shift of the arrows from violet to blue. The trapping through the chromium bands is 

represented by the red solid arrows and their required energies are schematized by their size 

and tint. The local electric field that triggers the charging through chromium bands is 

represented by the yellow “lighting” arrows. Its efficiency is schematized by the arrows 

thickness. The red part of the traps represents traps that are not involved in the persistent 

luminescence process (traps that are too deep or too shallow for instance) whereas the green 

part represents the “useful” part when bioimaging applications are envisioned. 

 

4. Conclusions 

Pure spinel phases can be obtained through a solid solution approach to combine the 

normal and inverse spinel structures. In the complex spinel, the tetrahedral sites are filled by Zn2+ 

divalent cations, and the octahedral sites are occupied by the remaining Zn2+ cations together with 

all the tetravalent Sn4+ cations and the trivalent Ga3+ cations. Gallium substitution by tin appears 

as a good strategy to redshift both the large chromium excitation and emission bands, which is due 

to the variation in crystal field strength. The tin substitution is easily performed and makes only 

small modifications to the structural and crystalline properties, but has a comparatively large 

influence on the optical properties. While increasing the tin concentration, the trap depths slightly 

decrease which increases the persistent luminescence decay rate, but this is associated with a large 
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increase of the total storage capability. Indeed with tin substitution, compounds have higher total 

storage capacity compared to ZnGa2O4:Cr3+.  

Since persistent emission is redshifted into the deep red region, this could be a useful way 

to tune the emission in the biological window and manage diffusion problems. More interestingly, 

persistent luminescence excitation bands are also redshifted and strongly enhanced in the blue and 

orange/red ranges. Therefore, the activation of persistent luminescence toward the visible range 

instead of the UV range is much easier for the Zn1.33Ga1.34Sn0.33O4:Cr3+ compared to 

ZnGa2O4:Cr3+. In addition to this redshift, the low energy charging band also appears more intense 

for Zn1.33Ga1.34Sn0.33O4:Cr3+ compared to ZnGa2O4:Cr3+. This is of major interest for the further 

development of persistent luminescence materials suitable for in vivo imaging as their 

re-activation through the living tissues will be more efficient.  
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Table of content: 

 

New complex spinel with tin substitution Zn1+xGa2-2xSnxO4:Cr3+ was 

synthesized with a large increase of the total light storage capability. Both the 

persistent luminescence excitation and emission spectra of the optimized complex 

spinel samples are redshifted, which is of interests for easier deep tissues penetration 

and facilitates the low energy activation.  
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SI Supplementary Informations 

 

 

Figure S1: (a) Picture of the samples with photon counting 5 min after ambient lab light 

exposition (b) the diagram represent the persistent luminescence intensity integrated during 3 

min 5 min after ambient lab light exposition. 

 

 

Figure S2: Thermoluminescence glow curves of selected samples recorded after UV 

excitation during 5 minutes at 14 K. 
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Figure S3: EPR Q band spectra of ZGO-1, ZGSO-4, ZGSO-6 and ZGSO-8 compounds. 

 

In the above figure the effect of the Cr3+ surrounding by Sn4+ substitution for Ga3+ is 

clearly observable.  

 


