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Abstract 

The upconversion (UC) emission behavior of Er3+-activated Zn2GeO4 phosphors synthesized using a solid-state reaction 

technique was reported. A series of phosphors was prepared by varying the dopant concentration to optimize the emission for 

optical purposes. The phase formation of the Zn2GeO4 was confirmed through X-ray powder diffraction analysis, and a negligible 

effect of the dopant on the structure was found. Scanning electron microscopy analysis was performed to examine the grain size 

and its formation. It was found that micro-sized, well-arranged grains were present throughout the phosphor. The influence of 

doping concentration on the UC emission spectra has been recorded by using 980 nm excitation. The comparison of UC 

emissions shows 2 mol% of Er3+ is the optimum doping concentration in the present host to achieve maximum upconversion 

emission. A schematic energy level structure is proposed to display the observed upconversion emission of the Zn2GeO4:Er3+ 

phosphor.  
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1. Introduction 
Rare-earth (RE) doped luminescent materials have widespread applications that depend on the spectral 

emission observed (Pandey and Rai, 2014; Zhou et al., 2015; Pandey et al., 2018). Luminescence detected 

from these materials is primarily controlled by the rare-earth centers of the dopant and the crystal fields of 

the host matrix. Therefore, the selection of doping rare-earth ions and a corresponding suitable host 

reflects efficient optical emissions. Among rare-earths, erbium is widely used as a doping element, 

especially for its emission in the triply ionized state, Er3+, which exhibits prominent emission transitions, 

such as the 2H11/2→4I15/2 and 4S3/2→4I15/2 transitions (Wang et al., 2012). To achieve maximum optical 

emission intensity from the doped material, one should first optimize its concentration and then adjust 

other parameters. The multimodal emission and excitation capacity of Er3+ throughout the visible and 

near-infrared range, along with other physical-chemical properties, greatly attracts researchers (Verma et 

al., 2011). 

 

Upconversion (UC) emission detected from various lanthanides activated phosphor materials having wide 

range from UV-Vis to NIR region. These light emissions in different regions display their utilization in 

different technological fields. For example, NIR lights have applications in biomedical field like 

bioimaging, cellular labeling, deep tissue and animal imaging, drug delivery and bio-sensing (Eraky et al., 

2025; Zhang et al., 2025). Solar spectrum conversion, security ink, 3D printing, temperature sensing and 

environmental monitoring like applications show more utilization of UV-Vis light emissions from UC 

materials (Shah et al., 2022; Pandey et al., 2023). Polymerically engineered UC nanoparticles have also 

attracted researchers as agents for functionally modified coherent tomography (Mohan and Poddar, 2021). 

 

Numerous compounds have been used as host materials with embedded rare-earth ions in them for 

structural and optical investigations, but oxide hosts are the center of attraction. Zinc germinate (Zn2GeO4) 

has also been recently used as an oxide host material, due to its wide band gap, high photon response, and 

other features (Gao et al., 2017). Previously, various rare-earth and transition-metal-embedded Zn2GeO4 

phosphors have been studied for different applications (Gao et al., 2017; Hu et al., 2017; Chen et al., 

2024). Gao et al. (2017) prepared Tb3+ doped Zn2GeO4 nanophosphors and observed green/blue light 

emission upon 265 nm ultraviolet (UV) excitation. Hu et al. (2017) observed a green emission band upon 

322 nm excitation in a Mn2+-doped Zn2GeO4 material synthesized by a high-temperature solid-state route. 

Er³⁺ is a well-known laser-active ion with abundant energy levels and notable emission characteristics, 

which is making it suitable for numerous applications (Gálico et al., 2024; Qiao et al., 2025). Recently, 

Chen et al. (2024) have investigated Er3+-Yb3+ codoped Zn2GeO4 phosphors and studied their optical 

properties at different excitations. However, the doping concentration was not optimized. 

 

In the present study the effect of doping concentration on structural, morphological and optical properties 

of Zn2GeO4:Er3+ phosphor was investigated. The UC emission study of Zn2GeO4:Er3+ phosphor upon a 

980 nm excitation via varying concentrations of Er3+ ions were reported. To understand the UC 

mechanism in Zn2GeO4:Er3+ phosphor, a schematic diagram was also presented.  

 

2. Experimental Details 

2.1 Material Preparation  
The Zn2GeO4:Er3+ phosphors were synthesized by the high-temperature solid-state reaction method (Hu et 

al., 2017). A mixture containing analytical grade GeO2, ZnO, and Er2O3 in an appropriate ratio (at varying 

concentrations of erbium: 0 mol%, 0.1 mol%, 0.5 mol%, 1 mol%, 2 mol%, 3 mol%, and 5 mol%) were 

mixed in a mortar and ground for about 2 h using acetone as a mixing medium. The fine mixture powders 

were placed into alumina crucibles and preheated at 800°C for 6 h in a furnace, followed by further heat 
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treatment at 1300°C for 6 h in air. Finally, the formed samples were well ground into fine powder and 

further used for structural, morphological and optical studies. 

 

2.2 Characterization  
The X-ray powder diffraction (XRPD) measurement was performed by using Bruker D8 focus 

diffractometer with Cu target radiation (λ = 0.154056 nm) to identify phase formation and crystallite size 

of the prepared phosphors. The scanning electron microscopy (SEM) and energy-dispersive X-ray 

spectroscopy (EDS) images were obtained using a JSM-7800F extreme-resolution analytical field-

emission scanning electron microscope. The vibrational stretching modes of the undoped and Er3+ doped 

Zn2GeO4 phosphors were further studied using a Fourier transformed infra-red (FTIR) Perkin Elmer 

spectrometer in the transmission mode. The UC emission spectra of the developed phosphors were 

recorded using a Horiba iHR-320 monochromator upon a 980 nm diode laser excitation with limit up to 3 

W. 

 

3. Results and Discussions   

3.1 Structural and Morphological Analysis  
Figure 1 shows the X-ray powder diffraction patterns of undoped and Er3+ doped Zn2GeO4 phosphors in 

the range of 10 to 80∘. Well-observed, sharp diffraction peaks of good intensity indicated the high 

crystallinity of the prepared undoped and Er3+ doped Zn2GeO4 phosphors materials. All the diffraction 

peaks were assigned perfectly with those of the standard pattern (JCPDS No.: 11-0687) of rhombohedral 

structured Zn2GeO4 with R3 space group (Hu et al., 2017). All the strong diffraction peaks were index 

with their miller indices. Most prominent peak around 2θ = 33˚ corresponding to the (410) plane. Main 

diffraction peaks were observed between 30° and 35° in all cases, with slight variations in peak intensities. 

Other diffraction peaks maintain almost identical positions in both undoped and Er3+-doped Zn2GeO4 

phosphors. The peak around 12° exhibited a slight shift towards a lower 2θ value and a slight random 

change in peak intensities. These changes may be due to differences in the ionic radii of Zn2+ and Er3+ 

ions (Gao et al., 2017). Overall, no significant influence was observed on the incorporation of the doping 

element, which resulted in the Zn2GeO4 structure. 

 

The crystallite size of undoped and Er3+ doped Zn2GeO4 phosphors was calculated by the Debye-Scherrer 

formula (Kumar et al., 2022). 

𝐷 =
𝐾𝜆

𝛽 𝐶𝑜𝑠𝜃
. 

 

where, D is the representing crystallites size of undoped and Er3+ doped Zn2GeO4, λ is the wavelength of 

Cukα radiation (1.541 Å), 𝐾 is the correlation factor, β is presented by the Full width at half maximum 

(FWHM) of the diffraction peak and θ is the Bragg's diffraction angle. The crystallite size of the Zn2GeO4 

was varying from 33 to 53 nm with variation in the doping concentration. 

 
The surface morphology of the Er3+-doped Zn2GeO4 phosphor was studied via a SEM image given in 

Figure 2(a). The image scale bar is 1 µm, and the image displays a well-arranged distribution of grains 

throughout the surface. The sizes of the grains were estimated to be between 0.5 and 2.5 µm, resulting in 

the formation of micro-sized grains in the prepared Er3+-doped Zn2GeO4 phosphors. 

 

Figure 2(b) shows the EDS spectrum of the Er3+-doped Zn2GeO4 phosphor material to confirm the 

presence of elemental composition. Clearly, the spectrum reflects that Zn, Ge, O, and Er were all present 

in proper weight percentage. Therefore, we found that the present material, prepared by the high-

temperature solid-state route, exhibits a good surface morphology. 
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Figure 1. Effect of doping concentration on the XRD pattern of Zn2GeO4 phosphors. 

 
 
 

  
 

Figure 2. (a) SEM image, and (b) EDS image of the 2 mol % Er3+-doped Zn2GeO4 phosphor. 
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The elemental compositions of the Zn₂GeO₄ are examined using EDS analysis is shown in Figure 3. The 

results of EDS elemental mapping confirmed the presence of Zn, O and Ge elements in the Zn₂GeO₄ host 

matrix. The maps show that the elements are well distributed throughout the analyzed region, indicating 

good compositional uniformity. No significant elemental segregation or agglomeration was observed, 

suggesting the successful formation of the material. 

 

 
 

Figure 3. EDS spectra with elemental mapping for Zn₂GeO₄. 
 

 

3.2 FTIR Analysis of Undoped and Er3+ Doped Zn₂GeO₄ Phosphors 
The FTIR spectra of undoped and Er³⁺ doped Zn₂GeO₄ phosphors, recorded over the spectral range 600–

3000 cm⁻¹, are depicted in Figure 4. A pronounced absorption band centered at approximately 734 cm⁻¹ 

corresponds to the stretching vibrations of Ge–O bonds within the (GeO₄) tetrahedral units or the Zn–O–

Ge linkages inherent to the rhombohedral Zn₂GeO₄ structure. This mode is recognized as the signature 

vibrational fingerprint of the Zn₂GeO₄ crystalline phase, thereby confirming the establishment of the host 

lattice framework (Wu and Ma, 2013, Calderón-Olvera et al., 2023). In the Er³⁺doped sample, a 

comparable absorption band near 734 cm⁻¹ is also observed, indicating that Er³⁺ ion incorporation does 

not significantly perturb the primary crystal lattice. Nevertheless, a marginal increase in band intensity 

and broadening is evident, which can be attributed to local structural distortions induced by substitutional 

doping of Er³⁺ ions into the Zn₂GeO₄ matrix. Additionally, a weak absorption feature near 2364 cm⁻¹ is 

detected exclusively in the doped specimen. This band is ascribed to the asymmetric stretching vibration 

of atmospheric CO₂ adsorbed on the sample surface during spectral acquisition, consistent with literature 

reports where similar CO₂-related bands manifest in the 2330–2360 cm⁻¹ region for oxide materials 

(Dolson and Anders, 2015).  
 

The absence of discernible absorption bands related to residual organic species or synthesis by-products 

indicates efficient decomposition during processing and the formation of a high-purity phase. Overall, the 

spectral congruence between the undoped and Er³⁺ doped Zn₂GeO₄ samples demonstrates that Er³⁺ doping 

proceeds without inducing detectable secondary phases or fundamental alterations in the host lattice, as 

evidenced by FTIR analysis. 
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Figure 4. FTIR spectra of undoped and Er3+ doped Zn2GeO4 phosphors. 
 

 

3.3 UC Emission Study  
The room temperature UC emission spectra of the Zn2GeO4:Er3+ phosphor in the 400-850 nm wavelength 

range upon excitation with a 980 nm diode laser is shown in Figure 5 with increasing the doping 

concentration from 0.1 to 5 mol%. Three prominent UC emission bands were found, namely green (515 

to 575 nm), red (640 to 690 nm) and NIR (780 to 850 nm) regions. These emission peaks are assigned 

suitably for various transitions of Er3+ ion. The green emission band is assigned through 2H11/2→4I15/2 and 
4S3/2→4I15/2 transitions, the red band through 4F9/2→4I15/2 transition, and the NIR band through 4I9/2→4I15/2 

transition of the erbium ion (Dieke, 1968; Nair et al., 2023; Tu et al., 2024; Qiao et al., 2025).  

 

No UC emission was observed in the case of undoped Zn2GeO4 phosphor, so it is not included in Figure 

5. Emission spectra of phosphors at 0.1 mol%, 0.5 mol%, 1 mol%, 2 mol%, 3 mol%, and 5 mol% of Er3+ 

doped Zn2GeO4 are plotted on the same scale together to find the optimized concentration. On comparing 

emission spectra, the following observations were noted: 

(1) Green UC emission band has a maximum intensity for 3 mol% of Er3+ doping. 

(2) Red UC emission band has a maximum intensity for 2 mol% of Er3+ doping. 

(3) For lower doping levels, samples initially exhibited red light emission from 0.1 mol% to 2 mol% Er3+ 

doping and then shifted to green light emission from 3 mol% to 5 mol% Er3+ doping. This abrupt 

change in UC emission intensity on increasing dopant concentration shows the color-tuning ability of 

the present phosphor material. When we compared the integrated intensity of both green and red 

bands at 2 mol% and 3 mol%, respectively, it results in 2 mol% of Er3+ doping being the optimum. 

 

 
 

Figure 5. UC emission spectra of the Er3+ doped Zn2GeO4 phosphors with different doping concentration upon 980 

nm excitation. 
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To understand the number of photons in the UC process, a power dependence study of UC emission was 

performed, and it was found that two UC photons are involved in both green and red emissions. A 

transition mechanism involved in the present investigation through ground state absorption (GSA) and 

excited state absorption (ESA) processes is shown in Figure 6. 

 

 
 

Figure 6. Energy level diagram of the Er3+ ion for doped Zn2GeO4:Er3+ phosphor. 
 

 

The proposed energy scheme for the Er3+ ion indicates that the 4I11/2 state is populated through the ground 

state absorption (GSA) process. As in our case, two different colors of light are emitted at 2 mol% and 3 

mol% emissions; therefore, we have two excited-state absorption pathways. The 2H11/2, 4S3/2 levels are 

populated by sequential absorption of 980 nm pump photons through GSA and ESA processes and relax 

to ground level 4I15/2 by dominant green emission (as in the case of 3 mol% doping). The 4F9/2 level is 

populated by the GSA and ESA process through non-radiative relaxation from 4I11/2 to 4I13/2. Radiative 

relaxations from the 4F9/2 to 4I15/2 level exert dominant red emission (as in the case of 2 mol% doping). 

Weak NIR emission was also detected from the 4I9/2 to 4I15/2 transition, which is populated by non-

radiative relaxation from 4F9/2 to 4I9/2 levels. 
 

4. Conclusions  
The successful synthesis of the undoped and Er3+-doped Zn2GeO4 phosphors through a solid-state 

reaction was verified. The structural study showed that the phase of phosphors remained unchanged when 

the doping concentration of Er3+ was varied. The presence of each element was verified in the micro-sized 

grains distributed throughout the surface. Two-photon pumped UC emission spectra of the Zn2GeO4:Er3+ 

phosphors were compared as the Er3+ concentration changed, resulting in optimum red emission at 2    

mol% and green emission at 3 mol%. This change in the color of light emitted from the present phosphor 

is proposed due to a change in the population of the excited states when the Er3+ concentration was 

changed from 2 mol% to 3 mol%. Overall, the 2 mol% Er3+ concentration is best for achieving maximum 

emission intensity. 
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