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In this work, Zn2SnO4:Co2+ (0.1%) was obtained through a solid-state reaction at high temperature 
using ZnO, SnO2, and CoCO3. The sample was investigated using X-ray diffraction, X-ray fluorescence, 
scanning electron microscopy, and photoluminescence spectroscopy. Rietveld refinements of the 
X-ray diffraction data showed two crystalline phases, Zn2SnO4 and SnO2, with proportions of 97.24% 
and 2.76%, respectively, while Zn and Sn atoms were observed by X-ray fluorescence. Scanning 
electron microscopy images showed the polycrystalline nature of the material. Photoluminescence 
spectroscopy showed two emission bands in the red and near-infrared regions, with the broader and 
more intense band having a barycenter at 694 nm. The intensity of the emission changed with the 
excitation wavelength, whereas the barycenter remained unchanged. The intensity, shape, and position 
of the bands, as well as the calculated crystal field parameters, indicate the insertion of Co2+ ions in 
the tetrahedral sites of the Zn2SnO4 material.
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1. Introduction
ZnO, SnO2, and ZnO–SnO2 compounds have been 

investigated owing to their interesting properties. ZnO–
SnO2 materials are appropriate for applications such as 
photovoltaic solar cells and light emitting diodes (LEDS), 
piezoelectric devices, and antibacterial and antifungal 
activity1–4, for example.

Among ZnO–SnO2 compounds, Zn2SnO4 has properties that 
lead to its application in sensors5, photocatalyst materials6–8, 
persistent phosphorescence devices9, lithium-ion battery 
electrodes10, functional semiconducting materials with a 
wide direct band gap, and light emitting materials11.

Zn2SnO4 has an inverse spinel structure, with an 
A2BO4

12 composition, in which A is a divalent cation and 
B is a trivalent or tetravalent cation. In this compound, Zn2+ 
cations occupy tetrahedral and octahedral sites, whereas Sn2+ 
cations are only in octahedral coordination.

Owing to its spinel structure, Zn2SnO4 can be used as a 
host for divalent cations with affinity to the tetrahedral sites, 
such as Co2+ and Mn2+ ions, and as a host for ions with affinity 
to the octahedral sites, such as Ni2+. Zn2SnO4 can also be 
an appropriate host for ions with 4+ valence, such as Mn4+ 
ions in the octahedral site of the Sn4+ ions13.

The properties of a material depend strongly on the 
synthesis method. Therefore, preparation processes are 
chosen in accordance with the desired properties. Beyond 
remarkable physical and chemical properties, factors such as a 
long useful life, environmental friendliness, and low financial 
costs are also important requirements for the production 
and use of functional materials. The solid-state method is 
appropriate for the preparation of many compounds with these 

characteristics. For example, we investigated the compound 
MgGa2O4:Co2+ obtained through the solid-state method for 
the first time in 1992. More than two decades later, it was 
observed that the structural and photoluminescent properties 
of the MgGa2O4:Co2+ sample remained unchanged14.

The high-temperature solid-state method consists of a 
reaction between raw materials at temperatures exceeding 
1000 °C. The advantage of this method is that no solvent is 
used during the reaction, which makes preparation easier 
and avoids the insertion of contaminants into the mixture. 
However, the homogeneity and composition of the obtained 
samples are sometimes not fully satisfactory. Despite this, 
in the case of light-emitting materials for which a small 
impurity can lead to the quenching of luminescence, the 
solid-state method is a good sample preparation method. 
These characteristics encouraged the use of the solid-state 
method in this study.

Emissions from Zn2SnO4 samples produced by the solid-
state method containing different kinds of impurities and 
different doping levels have been reported in the literature. 
Some are cited as follows.

A Zn2SnO4:Cr3+,Eu3+ material shows photoluminescence 
in the near-infrared region (with a maximum at 800 nm) 
attributed to the Cr3+ ions. The effect was significantly 
enhanced when Eu3+ ions were incorporated into the host 
owing to energy transfer processes from Eu3+ to Cr3+ ions15.

Another example of an interesting emitting system 
is the undoped Zn2SnO4 powder obtained via a modified 
solid-state reaction method. In this process, the precursors 
are submitted to a high-energy milling process before the 
reaction. The material exhibits a photoluminescence emission 
band with a peak at 684 nm, which can be deconvoluted by *e-mail: sosman@uerj.br
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Gaussian fitting into four emission bands16. Another material 
of note is Zn1+xGa2-2xSnxO4:Cr3+, which exhibits a long near-
infrared afterglow when synthesized by high-temperature 
solid-state methods. The photoluminescent band, excited by 
a 365 nm LED, ranges from 600 to 900 nm and is composed 
of the R1, R2, N1, and N2 lines assigned to octahedrally 
coordinated Cr3+17.

Co2+ ions present interesting optical properties in 
different materials, as can be seen in the following examples. 
Dithiocarbamate nanowires containing Co(II) present an 
emission band from 455 to 526 nm due to the hexa-coordinated 
Co(II)18. Additionally, Zn2SiO4:Co2+ presents a blue emission 
(peaks at 420 and 480 nm) and green emission (at 525 nm), 
showing a potential for use as blue and green phosphors 
for luminescent systems19. Finally, the mononuclear Co(II) 
complexes of substituted hydrazino quinoline Schiff bases 
exhibit an emission band from 434 to 465 nm, with high 
luminescence intensity, indicating a potential use as a novel 
material in organic LED technology20.

The goals of this study were the production of 
Zn2SnO4 containing Co2+ as a substitutional impurity 
in Zn sites and the investigation of its structural and 
photoluminescent properties. Zn2SnO4:Co2+ was obtained by 
a solid-state reaction at high temperature using ZnO, SnO2, 
and CoCO3 as precursors. The crystalline properties were 
determined from X-ray diffraction (XRD) data, which were 
refined by the Rietveld method using the FullProf program21. 
The morphology of the sample was observed using scanning 
electron microscopy (SEM), and the images were used to 
determine the size and shape of the grains. X-ray fluorescence 
(XRF) was used to verify the cation composition of the 
sample and to investigate the possibility of the presence 
of spurious species. Photoluminescence, excitation, and 
decay time measurements were performed to determine the 
emission characteristics of the sample. The measurements 
confirmed the production of an intense and broad band in 
the near-infrared region due to the insertion of Co2+ into 
the Zn2SnO4 host.

2. Materials and Methods
A sample with the molecular formula Zn2(1-x)Co2xSnO4, 

where x = 0.001, was produced by a solid-state reaction using 
the raw materials ZnO, SnO2, and CoCO3. The quantities of 
the raw materials were calculated and weighed to produce 
2 g of the desired compound according to the following 
stoichiometric reaction:

3 2 1.998 0.002 4 21.998   0.002   0.002ZnO CoCO SnO Zn Co SnO CO+ + → +  	(1)

The mass of each raw material was obtained as follows. 
First, the molecular mass of each raw material was calculated 
using the atomic masses of its elements. The atomic mass 

values used were Zn = 65.382, O = 15.999, Co = 58.933, 
C = 12.011, and Sn = 118.71, yielding:

( )1.998   1.998 65.382 15.999   162.5960ZnO = + = ;

( )30.002  0.002 58.933 12.011 3  15.999   0.2378CoCO x= + + = ;

2  118.71  2  15.999 150.7088SnO x= + = ;

1.998 0.002 4  1.998  65.382  0.002  58.933 118.71 4  15.999  313.4571Zn Co SnO x x x= + + + = .

Next, the quantities of raw materials to produce 2 g of 
Zn1.998Co0.002SnO4 were calculated:

162.5960: × 2 g = 1.0374 g
313.4571

ZnO 	 (2)

2
150.7088:  ×2 g = 0.9616 g
313.4571

SnO 	 (3)

3
0.2378: × 2 g = 0.0015 g

313.4571
CoCO 	 (4)

Table 1 lists the materials and quantities used in this 
study. The powders were then mixed with a pestle in a mortar 
made from agate for two hours.

Subsequently, the mixture was separated into three portions 
with similar masses, and each mixture was pressed under 
296 MPa into a dish with a diameter of 13 mm and thickness 
of 2 mm. The dishes were then placed in an alumina crucible 
inside an electric oven at atmospheric pressure. The samples 
were heated to 1300 °C for 6 h. Finally, the furnace was turned 
off, and the samples cooled naturally to room temperature. 
Figure  1 shows a flowchart of sample preparation, and 
Figure 2 shows the sample preparation scheme.

In the stoichiometric reaction, the objective was 
the substitution of 0.1% of the Zn2+ ions of the host 
Zn2SnO4 by Co2+ ions. Therefore, the obtained sample was 
named Zn2SnO4:Co2+ (0.1%).

One dish of the sample was crushed to a fine homogeneous 
powder, which was placed in a horizontal holder for XRD 
measurement. Powder XRD measurements were performed 
using a Bruker D2 PHASER powder diffractometer equipped 
with a Cu tube operating at 30 kV and 10 mA with X-ray 
Cu-Kα1 radiation (1.5406 Å wavelength) at room temperature 
and scanning 2θ from 10° to 80° with steps of 0.01°.

The experimental results were refined using the Rietveld 
method with the FullProf package21. The diffracted peaks were 
fitted using a pseudo-Voigt profile function, and the pattern 
was compared to the Inorganic Crystal Structure Database 
(ICSD) patterns22, with ICSD codes 028235 (Zn2SnO4) and 
084576 (SnO2). The Rietveld refinement of the X-ray data 
was used to obtain crystallographic parameters such as lattice 

Table 1. Materials and quantities used for fabrication of Zn1.998Co0.002SnO4 [Zn2SnO4:Co2+ (0.1%)].

Raw Material Brand Material Purity (%) Molecular Mass (g/mol) Quantities for 2g of the sample 
(g)

ZnO Carlo Erba 99.5 81.3794 1.0374
SnO2 Aldrich Chemistry 99.9 150.7088 0.9616

CoCO3 Colleman & Bell Co. 99.0 118.9420 0.0015
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parameters, space group, crystal system, cell volume, and 
phase quantities.

The elemental contents of the sample were identified 
using an Artax 200 XRF Spectrometer (30 kV, 400 μA, and 
molybdenum anode) with a silicon drift detector and a 400 μm 
beam spot. Measurements were performed at five distinct 
points on the sample surface to verify the homogeneity. 
All points showed the same results.

SEM images were obtained using an FEN Quanta 
250 operating at 20 kV with magnifications of x7, x32, 

x362, x846, x2539, and x2889. Because the sample is a 
hygroscopic material, one dish of the sample was dried in an 
oven at 100 °C for 20 h before SEM measurements, which 
were performed without any coating on the sample surface.

Photoluminescence, excitation, and emission decay time 
measurements were performed at room temperature using a 
PTI QuantaMaster 300-Plus spectrofluorometer. The radiation 
source was a pulsed 75 W xenon lamp with a frequency of 
200 Hz. The modulation frequency corresponded to a 5 ms 
temporal window. In the measurements, 600 pulses were 

Figure 1. Flowchart of sample preparation.

Figure 2. Diagram of the sample preparation steps.
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averaged per wavelength, and the wavelength scan was 
performed with a 1 nm step size with detection performed by 
photon counting. A set of Newport optical filters was used to 
block the excitation light scattered inside the optical cavity 
and the room light. Figure 3 shows the measurements scheme.

The sample was first measured using XRD to verify the 
formation of the desired material, and Rietveld refinement 
was performed to determine the crystalline parameters, 
atomic positions, and phase quantities. Subsequently, 
photoluminescence and excitation measurements were 
performed to verify the possible emission from the sample. 
Next, SEM was used to verify the morphology, and XRF was 
finally performed to verify the atomic species in the sample. 
All measurements were performed at room temperature 
under ambient pressure.

3. Results
Figure 4 shows the room temperature XRD data and 

Rietveld refinement results for Zn2SnO4:Co2+ (0.1%). 
The experimental data (Iobs) are represented by red circles fitted 
using a pseudo-Voigt mathematical function. The mathematical 
fitting (Icalc) is the black line passing through the red circles.

As can be seen in Figure 4, Rietveld refinement indicates 
the existence of two phases in the sample, represented by 
two sets of green vertical bars that denote Bragg positions 
for each phase. The phases of the sample are represented as 
follows: the first set (top) represents the Bragg positions of 
the Zn2SnO4 main phase, whereas the second set (bottom) 
represents the Bragg diffraction positions of the raw non-
reacted SnO2 oxide.

The difference (Iobs-Icalc) between the measured values 
and those obtained from the pseudo-Voigt mathematical 
function, fitted from the ICSD data22, generated the bottom 
solid line. The crystallographic and Rietveld refinement 
parameters of Zn2SnO4:Co2+ (0.1%) are shown in Table 2, and 
the atomic positions are shown in Table 3. Zn2SnO4 belongs 
to the cubic crystal system with space group 3 .Fd m  It is 
described as an inverse spinel, where the tetrahedral sites 
are occupied by Zn2+ atoms [ZnO4] and the octahedral sites 
are occupied by both Zn2+ and Sn4+ atoms, [ZnO6] and 
[SnO6], respectively 12,13. Table 3 shows the uncertainty 
in the O1 position, which is due to the refinement of this 
position, while the positions Zn1, Zn2, and Sn1 were fixed. 
The observed secondary phase SnO2 is a quantity of the 
unreacted raw material. No quantity of the ZnO raw materials 
was observed in the XRD data.

Figure 5 shows XRF for Zn2SnO4:Co2+ (0.1%) at room 
temperature. The observed peaks are related to the Zn and 
Sn atoms. The homogeneity of the sample was confirmed 
by performing the measurements in several regions on the 
sample’s surface and obtaining similar results: only Zn and 
Sn atoms were observed. The lack of a Co2+ signal is due to 
the low concentration of this species in the sample, below 
the instrumental sensitivity.

Figure 6 shows SEM images obtained with 20 kV at 
magnifications of (a) x7, (b) x32, (c) x362, (d) x846, (e) 
x2539, and (f) x2889. These images show the polycrystalline 
characteristic of the sample, with angular Zn2SnO4 grains. 
A variation in particle size can also be seen.

Figure 3. Simplified experimental scheme used for the Zn2SnO4:Co2+ 
investigation.

Figure 4. X-ray diffraction and Rietveld refinement data for the 
Zn2SnO4:Co2+ (0.1%) sample.

Table 2. Crystallographic and Rietveld refinement parameters for 
Zn2SnO4:Co2+ (0.1%) sample.

Phase Zn2SnO4 SnO2

ICSD # 28235 84576
Proportion (%) 97.24 2.76

Space group 3Fd m P42/mnm

Crystal system Cubic Tetragonal
a (Å) 8.656(5) 4.736(3)
b (Å) - -
c (Å) - 3.185(5)
V(Å3) 648.69 71.46

Agreement factors
Rwp = 13.1, Rp= 13.0, Rexp= 9.3,

GOF = 1.4 and χ2 = 1.96

Table 3. Atomic positions obtained from Rietveld refinements.

Atom Ox State Wyck 
Symb x y z

Zn1 2 8b 0.375 0.375 0.375
Zn2 2 16 c 0.000 0.000 0.000
Sn1 4 16 c 0.000 0.000 0.000
O1 -2 32 e 0.242(2) 0.242(2) 0.242(2)
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Figure  7 shows the photoluminescence spectra of 
Zn2SnO4:Co2+ (0.1%) at room temperature, performed 
using excitation radiation wavelengths of 500, 530, 550, 
600, and 620 nm. An optical filter was used in front of the 
luminescence detector to cut off wavelengths below 650 nm 
and block the excitation light and the radiation scattered in 
the optical cavity.

In the photoluminescence spectra (Figure 7), a broad 
homogeneous band from 650 to 750 nm, with a barycenter at 
694 nm (14409 cm-1), was observed. The emissions excited 
with 620 and 600 nm incident light are three times more 
intense than those excited with 550 nm light and twelve times 
more intense than those excited with 500 and 530 nm light.

In Figure  8, the room temperature emissions in the 
infrared region range from 790 to 900 nm. The emission 
with maximum intensity located at 851 nm (11750 cm-1) was 
excited with wavelengths of 550, 600, and 620 nm. This band 
was not observed when other excitation wavelengths were 
used. Comparing Figure 7 and 8, the emission at 694 nm 
is more than 10 times more intense than that at 851 nm.

Fig. 9 presents the excitation spectrum of the sample at 
room temperature. The excitation spectrum of Zn2SnO4:Co2+ 
(0.1%) was monitored at 705 nm. The emission wavelength 
position (705 nm), a few nanometers out of the band barycenter 
(694 nm), was chosen to allow the observation of the greatest 
number of transitions in the visible region.

Room temperature photoluminescence decay measurements 
of Zn2SnO4:Co2+ (0.1%) are shown in Figure 10. The decay 
time was monitored at emission wavelengths of 692 and 
850 nm. Both measurements were performed with a wavelength 
excitation (λex) of 640 nm. For the 692 nm wavelength, the 
decay time is ~10.4 μs, and for the 850 nm wavelength, the 
decay time is ~8.7 μs.

4. Discussion
The XRD measurements and Rietveld refinement results 

(Figure  4) are listed in Tables  2  and  3. The refinement 
quality is estimated by the goodness of fit (GOF) index, 
which indicates whether the crystalline parameter values 
obtained from refinement of the X-ray data agree with 
those described in the literature. The GOF index for a good 
fit is close to 1.0 21. The obtained value for the GOF-index 

Figure 5. X-ray fluorescence (XRF) for Zn2SnO4:Co2+ (0.1%) at 
room temperature.

Figure 6. Scanning electronic microscopy (SEM) images of Zn2SnO4:Co2+ (0.1%), with magnifications of (a) x7, (b) x32, (c) x362, 
(d) x846, (e) x2539, and (f) x2889.
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refinement in this study was 1.4, which indicates a correct 
structural characterization.

The XRD pattern shows two phases in the sample: 
Zn2SnO4 and SnO2. Rietveld refinement results determined 
percentages of 97.24% and 2.76% of the total mass of the 
sample for Zn2SnO4 and SnO2, respectively.

The small quantity of unreacted SnO2 might be explained 
by one of two phenomena: a)first, it was necessary to 
thermally treat the Zn2SnO4 at high temperature for several 
hours. This procedure can cause mass loss of species that 
have high volatility, such as the Zn atoms. This loss could 
have resulted in some quantity of unreacted raw material 
and/or formation of undesired phases. b) the hygroscopic 
characteristics of the raw oxides ZnO and SnO2. This point 
is discussed in the next paragraph.

Alternatively, the unreacted SnO2 may be due to the 
significant hygroscopic behavior of ZnO, which is much greater 
than that of SnO2

23,24. Because of the hygroscopic character of 
ZnO, it is expected that its quantity in the ZnO–SnO2 mixture 
is lower than that necessary for a complete reaction with 
SnO2, since some water quantity is added to the ZnO mass. 
It is important to point out that this hypothesis is possible 

Figure 7. Room temperature photoluminescence spectra of 
Zn2SnO4:Co2+ (0.1%).

Figure 8. Near infrared room temperature photoluminescence 
spectra of Zn2SnO4:Co2+ (0.1%).

Figure 9. Room temperature excitation spectrum of the Zn2SnO4:Co2+ 
(0.1%) monitored at 705 nm.

Figure 10. Room temperature photoluminescence decay measurements 
of the Zn2SnO4:Co2+ (0.1%) monitored at (a)λem=692 nm and (b)
λem=850 nm.
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only if the amount of water adsorbed in ZnO is measurable. 
In other words, the quantity of water adsorbed by ZnO leads 
to a deficit of ZnO during the reaction because the weighed 
mass includes both ZnO and H2O. SnO2 is also hygroscopic; 
therefore, the SnO2 quantity is also lower than that necessary 
for a stoichiometric reaction because the mass included both 
SnO2 and H2O. However, as SnO2 is less hygroscopic than 
ZnO, the relative quantity of H2O in SnO2 is expected to be 
lower than that in ZnO. As a consequence of the volatility 
and higroscopy, no quantity of ZnO remained in the sample, 
and only a small quantity of unreacted SnO2 beyond the main 
phase Zn2SnO4 was observed in the XRD data.

Table 3 shows the atomic positions of the Zn, Sn, and 
O atoms in the Zn2SnO4 host obtained from the Rietveld 
refinements. The Zn2+ ions are in two types of sites: Zn1 in 
the 8a-Wyckoff position (tetrahedral symmetry) and Zn2 in 
the 16d-Wyckoff position (octahedral symmetry), both 
coordinated by O2- ions. Sn4+ ions are in the 16d-Wyckoff 
position, with the same atomic coordinates as octahedral 
Zn2 ions. Therefore, Zn2 and Sn ions have a common 
position in the host. Because the amount of SnO2 is small, 
the intensity of the Bragg peaks is low. Therefore, it was not 
possible to perform refinements in the atomic parameters 
of this phase.

The main characteristics that must be observed for an 
ion inserted as a substitutional impurity in a host crystal 
are similarities between the valences and between the ionic 
radii of the host ion and the substitutional ion. When the 
valence states are considered, the Co2+→Sn4+ substitution 
in the host Zn2SnO4 implies a rearrangement of the host 
ions because of the difference between the Co2+ and Sn4+ 
valences. Therefore, the probability of the substitution of 
Co2+→ Zn2+ sites is higher because, in this case, no charge 
compensation or a remarkable atomic rearrangement would 
be necessary. Therefore, the substitution of Zn2+ by Co2+ ions 
is more favorable than that of Sn4+ by Co2+ ions.

The second important characteristic is the ionic radii. 
The ionic radii of Co2+, Zn2+, and Sn4+ in tetrahedral coordination 
are equal to 0.58, 0.60, and 0.55 Å, respectively, whereas 
in octahedral coordination they are 0.65, 0.74, and 0.69 Å, 
respectively25. Ions of similar sizes to host ions are typically 
easier to substitute. Therefore, considering the ionic radii, the 
substitution of Zn2+ by Co2+ ions in tetrahedral coordination 
is easier than the substitution of Sn4+ by Co2+ ions. On the 
other hand, in octahedral sites, the Sn4+ substitution by Co2+ 
ions would be more favorable.

Hautier  et  al. proposed in reference26 a probabilistic 
model of ionic species substitution without remarkable 
crystal structure changes. In this work, the authors defined 
the parameter “pair correlation”: two ions that substitute 
each other easily have a pair correlation higher than 1. 
The highest pair correlation value presented by the authors 
was equal to 9.77 for Cd2+–Fe2+ substitution. The Co2+–Zn2+ 
substitution pair correlation was the third highest value, 9.57, 
while the pair correlation value for Co2+–Sn4+ substitution 
was 3.75 (rank 247). These pair correlation values indicate 
that the Zn2+ ions are more substitutable by Co2+ ions than 
the Sn4+ ions.

From the low probability of Co2+→Sn4+ substitution, 
as well as the small quantity of SnO2 in the sample, the 

photoluminescence can be considered a result only of Co2+ 
in the Zn2+ sites of Zn2SnO4.

The XRF of Zn2SnO4:Co2+ (0.1%) at room temperature 
is shown in Figure 5. In this figure, the intensity of the Zn 
peaks is higher than that from Sn atoms. XRF is a quantitative 
technique in which the intensity of the generated X-rays 
depends on the concentration of the species in the sample. 
Therefore, the XRF measurements confirm that the number 
of Zn atoms is higher than that of Sn atoms, as expected.

Figure 6 shows the SEM images of the sample. Figure 6a 
shows a full view of the sample and dish with a fracture 
caused by manipulation. Figs. 6b, c show that the surface 
is irregular, but the grains are not visible. Figure 6d shows 
a characteristic polycrystalline sample with a porous 
microstructure. In Figure 6e, f, the angular grains have a 
size distribution ranging from 1 to 10 μm. In Figure  6f, 
the angular grains were associated with Zn2SnO4, and the 
smaller smooth-faced grains with a size of ~ 1 μm were 
associated with SnO2

27.
In the photoluminescence spectra (Figure 7), a broad, 

homogeneous band from 650 to 750 nm, with a barycenter at 
694 nm, was observed. The emissions excited with 620 and 
600 nm light are three times more intense than the emission 
excited with 550 nm light and twelve times more intense 
than the emissions excited with 500 and 530 nm light. This 
result is the first indication that the emission with barycenter 
at 694 nm can be attributed to Co2+ in tetrahedral sites, 
because red radiation is strongly absorbed by Co2+ ions, 
which suggests emission from the tetrahedrally coordinated 
Co2+27-30. In addition, the observed emission band has a 
shape and wavelength position similar to emissions from 
tetrahedrally coordinated Co2+.

The tetrahedral sites occupied by Co2+ ions do not 
have exactly the same characteristics. For example, the 
Co2+–O-2 distance varies, the Co2+ sites have distortions, and 
the crystal field strength depends on the ligand–impurity 
distance and symmetry of the occupation site, among other 
things. Therefore, each Co2+ ion is subjected to a specific 
crystalline field strength. Most of the energy levels of 
transition metal ions, such as the Co2+ ion, are strongly 
affected by the crystalline field strength. This effect leads 
to a variation in the energy gap between the fundamental 
level and excited emitting level. Consequently, each excited 
Co2+ ion decays to the fundamental level with a different 
energy, which depends on the crystal field strength. This 
variability of the emission energies leads to the broad band 
observed in Figure 7. In addition, high-intensity emission 
bands are characteristic of spin-allowed transitions, which 
occur between energy levels with the same spin multiplicity.

From the Tanabe–Sugano diagrams31, the d7 electronic 
configuration in tetrahedral symmetry is equivalent to the 
d3 electronic configuration in octahedral sites. The fundamental 
energy level 4F splits into three energy levels: the ground 
4A2(

4F) and excited levels 4T2(
4F) and 4T1(

4F). The excited 
4P energy level transforms into the 4T1(

4P) energy level, and 
the 2G level splits into the 2A1(

2G), 2T1(
2G), 2T2(

2G), and 
2E(2G) excited energy levels. A transition in the visible and 
infrared regions of d7 configuration ions (such as the Co2+ 
ion) in tetrahedral sites occurs among the 4P and 4F states30. 
The excited energy levels originating from the 4P and 4F states 
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have the same spin multiplicity and a strong dependence on 
the crystal field strength30, thus generating broad and intense 
bands. Therefore, the emission at 694 nm (14,409 cm-1) was 
assigned to the 4T1(

4P) → 4A2(
4F) transition of the Co2+ ion 

with tetrahedral symmetry.
Figure 8 shows the emission in the infrared region from 

790 to 900 nm. The emission with the maximum intensity 
located at 851 nm (11750 cm-1) was excited with wavelengths 
of 550, 600, and 620 nm. This band was not observed when 
other excitation wavelengths were used.

The band in Figure  8 is associated with the 4T1(
4P) 

→ 4T2(
4F) spin-allowed electronic transition of Co2+ in 

tetrahedral coordination. The intensity of this band is ten 
times weaker than the intensity of the maximum emission 
band with barycenter at 694 nm (Figure  7). This occurs 
because the non-radiative decay processes in the infrared 
region are more competitive than those in the visible region. 
Therefore, in general, the infrared bands are weaker than 
those in the visible region.

Using the energies of the 4T1(
4P) → 4A2(

4F) (14,409 cm-1) 
and 4T1(

4P) →4T2(
4F) (11,750 cm-1) emissions in the Tanabe–

Sugano matrices30,31, as described in detail in reference20, the 
energy parameters were calculated: crystal field strength Dq 
= 266 cm-1, and interelectronic energy (Racah parameters) 
B = 783 cm-1 and C = 3524 cm-1.

For the free Co2+ ion, B = 971 cm-131–32, so in Zn2SnO4, 
this energy parameter is reduced by ~20% of the free ion 
value. This reduction in the Racah parameter B indicates a 
covalent character in the Co2+–O2- bond.

Figure 9 shows the excitation spectrum of the sample 
at room temperature. This measurement was performed to 
identify the excited energy levels of Zn2SnO4:Co2+, to determine 
which wavelength is most appropriate for achieving emission 
with an intensity as high as possible and to investigate the 
presence of spurious impurities. The excitation spectrum of 
Zn2SnO4:Co2+ (0.1%) was obtained by setting the wavelength 
to 705 nm, which was continuously excited with wavelengths 
from 500 to 700 nm. This emission wavelength position, a few 
nanometers from the band barycenter (694 nm), was chosen 
to allow the observation of the greatest possible number of 
transitions in the visible region. The spectrum is similar to 
the results observed for tetrahedrally coordinated Co2+ in 
other materials27–29. From the Tanabe–Sugano diagram31, 
these bands were attributed to the spin-forbidden transitions 
4A2(

4F) →2A1(
2G) at 574 nm (17421 cm-1) and 4A2(

4F) → 2E(2G) 
at 602 nm (16611 cm-1), and to the spin-allowed transition 
4A2(

4F) → 4T1(
4P) at 657 nm (15220 cm-1). The excitation 

Table 4. Energy transitions and parameters for Zn2SnO4:Co2+ (0.1%).

Transition (excitation) Wavelength (nm) Energy (cm-1)
4A2(

4F) →2A1(
2G) 574 17421

4A2(
4F) → 2E(2G) 602 16611

4A2(
4F) → 4T1(

4P) 657 15220

Transition (emission) Wavelength (nm) Energy (cm-1)
4T1(

4P) → 4A2(
4F) 694 14409

4T1(
4P) →4T2(

4F) 851 11750

Energy parameters: Dq = 266 cm-1, B = 783 cm-1 and C = 3524 cm-1.

spectrum agrees with the photoluminescence data, because 
in Figure 7 and 8 the intensity is enhanced with excitation 
at 620 and 600 nm, respectively. Table 4 shows the energy 
transitions and energy parameters of Zn2SnO4:Co2+ (0.1%).

Figure  10 presents the decay time curves of the 
photoluminescence of Zn2SnO4:Co2+ (0.1%) at room 
temperature. The decay starts at 110 μs, just after the lamp 
is turned off. The obtained short lifetime, approximately 
10 μs for both measurements, is characteristic of spin-
allowed transitions, such as those associated in this paper 
with tetrahedrally coordinated Co2+.

The curves have an exponential decay profile, indicating 
the dominant radiative character of the decay processes. 
It was also observed that the decay time of the emission at 
850 nm was shorter than that at 692 nm. It is known that 
non-radiative decay has a shorter lifetime than radiative 
decay. Therefore, the weakness of the band at 850 nm, as 
well as the difference between the decay times, could be 
explained by the non-radiative processes contributing to 
the relaxation of the 4T1(

4P) energy level.
Figure 11 shows the energy levels and transitions of Co2+ 

ions. The energy processes can be described as follows: (a) 
Co2+ ions were excited from the 4A2(

4F) fundamental energy 
level to the 2A1(

2G), 2E(2G), and 4T1(
4P) excited levels. From 

the 2A1(
2G) and 2E(2G) levels, the Co2+ ions decay by non-

radiative processes to the 4T1(
4P) and 4T2(

4F) energy levels. 
At the 4T1(

4P) level, Co2+ ion relaxation occurs through 
radiative processes to the fundamental level 4A2(

4F) and to 
the excited 4T2(

4F) level.
A part of the energy absorbed by Co2+ ions leading the 

system to the 4T1(
4P) state is released by non-radiative processes 

such as vibrational energy transfer. Moreover, some Co2+ 
ions at the highest vibration level inside the 4T1(

4P) electronic 
energy level decay to the lowest vibrational sublevel inside 
the 4T1(

4P) level. Therefore, photoluminescence occurs from 
the lowest vibrational level of 4T1(

4P) to 4A2(
4F) and 4T2(

4F). 
The difference between the excitation and emission energies 
of 4T1(

4P) → 4A2(
4F) (Stokes shift) was 812 cm-1. This value 

reflects the partial overlap between the excitation and emission 
bands, as observed in Figure 7 and 9, which leads to some 
loss of intensity in the emission band.

As mentioned in the Introduction section, the undoped 
Zn2SnO4 presents an inhomogeneous broad emission band from 
500 to 800 nm with a peak intensity at 684 nm16. This band 
was deconvoluted in four Gaussian curves with barycenters 
at 563.5, 626.1, 688.8, and 738.0 nm. The authors attributed 
these emissions to trapped states due to oxygen vacancies, 
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Zn/Sn vacancies, defects in the Zn/Sn stoichiometry, and 
point defects arising from the sample preparation method 16.

The highest energy emission band observed in this study 
(Figure 7) is homogeneous, with a wavelength interval from 
650 to 750 nm and a barycenter at 694 nm. Comparing the 
Zn2SnO4

16 emission with Figure 7, the shapes and energy 
positions are not similar. Therefore, it is possible to state 
that the emission observed in this study was not due to the 
Zn2SnO4 host.

However, the results presented in this paper are similar 
to those observed for other samples obtained by the solid-
state method, as follows.

Photoluminescence measurements of Zn2TiO4:Co2+ at room 
temperature29 showed a broad, intense, and homogeneous 
band from 675 to 750 nm, with a barycenter at 714 nm 
when the sample was excited with 630 nm light. The energy 
parameters obtained from the spectra were Dq = 188 cm-1, 
B = 808 cm-1, and C = 3636 cm-1, with Dq/B = 0.23. These 
values are characteristic of Co2+ in tetrahedral sites with some 
degree of covalence. Photoluminescence results obtained for 
Mg2SnO4:Co2+ at room temperature33 showed a broad and 
intense band from 650 to 775 nm. The barycenter of the 
emission band shifted to a lower wavelength (from 692 to 
698 nm) as the excitation wavelength decreased (from 
640 to 500 nm). The energy parameters obtained were Dq 
= 270 cm−1, B = 782 cm−1, and C = 3519 cm−1, with Dq/B 
= 0.35, which are characteristic of Co2+ ions in tetrahedral 
sites with a more ionic than covalent Co2+–O−2 bond.

From the results presented above, it is reasonable to 
believe that the intensity of the emission from the Co2+ ion 
is high enough to hide the observation of the Zn2SnO4 host 
emission. Therefore, the photoluminescence of Zn2SnO4:Co2+ 
(0.1%) is due to Co2+ in the tetrahedral Zn sites.

5. Conclusions
From the Rietveld results, it can be concluded that the 

Zn2SnO4:Co2+ (0.1%) sample was formed as proposed in 
this study. The sample was fabricated using the solid-state 
method. The raw materials were manually mixed for 2 h, 

followed shortly by a thermal treatment (6 h at 1300 °C). 
XRF measurements showed that Zn and Sn cations were 
homogeneously distributed in the sample and that no 
spurious species were detected. SEM measurements showed 
the polycrystalline characteristics of the sample, with grain 
sizes ranging from 1 to 10 μm.

The photoluminescence spectra of Zn2SnO4:Co2+ (0.1%) 
measured at room temperature were attributed to the 4T1(

4P) 
→ 4A2(

4F) and 4T1(
4P) → 4T2(

4F) transitions, with barycenters 
at 694 and 851 nm, respectively. Both bands were attributed 
to Co2+ ions in the tetrahedral sites. The transitions between 
energy levels are strongly dependent on the crystal field 
strength, which leads to broad bands. Moreover, the spin-
allowed electronic transitions are associated with intense 
bands, as observed in this study. The band at 694 nm is 
more intense than the band at 851 nm because the excited 
levels decay through competitive non-radiative processes 
in the infrared region more than in the visible region. 
The spectra do not show any evidence of spurious impurities. 
The luminescence decay lifetimes are characteristic of the 
emissions from tetrahedrally coordinated Co2+.

In the excitation spectra, we identified the spin-forbidden 
transitions 4A2(

4F) → 2A1(
2G) (574 nm) and 4A2(

4F) → 2E(2G) 
(602 nm), as well as the spin-allowed transition 4A2(

4F) 
→4T1(

4P) (657 nm). From the spectra, and using the Tanabe–
Sugano matrices, the crystal field Dq = 266 cm-1 and Racah 
parameters B = 783 cm-1 and C = 3524 cm-1 were obtained 
(Dq/B ≈ 0.34). The Dq and Dq/B values are characteristics 
of the Co2+ ion in tetrahedral sites, while the B parameter 
indicates a covalent character for the Co2+–O-2 bond. In this 
work, the most important results were the relatively simple 
sample production process and the observation of an intense 
and broad emission band.
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