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Abstract 

Zinc oxide (ZnO) nanoparticles are promising functional nanomaterials with tunable elec-
tronic and optical properties, which can be further enhanced through rare-earth doping. In 
this work, the structural and optical behavior of europium-doped ZnO nanoparticles ob-
tained from two different sources–commercially available ZnO (C) and ZnO (S) synthesized 
via co-precipitation–is investigated. ZnO nanoparticle types were subjected to europium in-
corporation by a wet impregnation approach. Comprehensive structural and optical char-
acterization, including X-ray diffraction (XRD), scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), UV–Vis absorption, and photoluminescence (PL), was 
carried out to evaluate the influence of europium on crystal structure, morphology, and 
optical response. The comparison revealed distinct differences between the commercial 
and synthesized systems in terms of particle morphology, crystallinity, band gap, and emis-
sion behavior, providing new insights into how precursor source affects the doping outcome 
and functional performance of europium modified ZnO. 
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1. Introduction  

Among various luminescent materials, wide-bandgap semiconductor oxides 
have recently attracted considerable research attention due to their exceptional 
optical properties and multifunctionality. Zinc oxide (ZnO), an II–VI group semicon-
ductor, is particularly notable for its wide and direct bandgap (~3.37 eV at room 
temperature), making it highly responsive to ultraviolet (UV) radiation. Further-
more, its high exciton binding energy (~60 meV) enables efficient excitonic recom-
bination even at ambient conditions, positioning ZnO as an excellent material for 
UV light emission [1-3]. These characteristics make ZnO nanostructures–such as na-
noparticles, nanorods, and nanowires–promising candidates for a wide range of ap-
plications in optoelectronics and photonics, including UV light-emitting diodes 
(LEDs), laser diodes, gas sensors, transparent conducting films, photodetectors, and 
solar cells. 

ZnO nanoparticles (NPs) with various morphologies can be synthesized via nu-
merous physical and chemical techniques, such as chemical vapor deposition, 
metal-organic chemical vapor deposition, thermal evaporation, sol-gel methods, 
hydrothermal synthesis, molecular beam epitaxy, and solvothermal growth [4]. 

The optical behavior of ZnO nanostructures is primarily governed by their pho-
toluminescence (PL), which typically shows two main emission regions: near-band-
edge (NBE) UV emission and broad visible emission. NBE emission arises from free 
exciton recombination close to the bandgap energy, while the visible emission orig-
inates mainly from intrinsic defect states. These emissions are highly sensitive to 
the synthesis conditions, morphology, and crystallinity. ZnO’s broad visible lumi-
nescence, covering the 1.65–3.1 eV range, results from deep-level defects and in-
cludes blue, green, and yellow components. Blue emission is often associated with 
zinc vacancies or oxygen antisites, while green emission (~2.4–2.5 eV) typically re-
sults from oxygen vacancies, interstitial zinc, or transitions involving shallow donor 
levels [5]. The prevalence and nature of these defects depend strongly on the syn-
thesis parameters, particularly whether the environment is zinc-rich or oxygen-de-
ficient. 

Due to its excellent luminescence efficiency and broad defect-related emissions 
in the visible spectrum, ZnO is widely used in optical sensing, lighting, and bioimag-
ing. Its low toxicity and high biocompatibility make it especially suitable as a fluo-
rescent marker in biomedical diagnostics. Moreover, ZnO-based PL has been effec-
tively utilized for detecting gases, humidity, and other environmental parameters, 
demonstrating its potential for advanced sensing technologies [6]. 

Despite these advantages, pure ZnO exhibits relatively weak and unstable emis-
sion in the visible region. While it displays strong UV NBE emission due to intrinsic 
defects–mainly oxygen vacancies and zinc interstitials–its visible luminescence is 
generally broad, weak, and difficult to control, which limits its applicability in sys-
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tems requiring consistent and tunable visible emission. To overcome these limita-
tions and enhance ZnO’s luminescent performance, various doping strategies have 
been explored [7-9]. Among them, rare-earth ion doping has emerged as an effec-
tive method for improving both emission intensity and spectral tunability. 

In addition to modifying the optical behavior, doping significantly alters the 
structural properties of ZnO, including crystallinity, particle size, and defect density, 
which in turn affect its electrical, optical, and mechanical performance. Depending 
on the type of dopant and its incorporation mechanism, ZnO can function as a lu-
minescent material or as a phosphor, especially when doped with rare-earth or 
transition metal ions [10-11]. 

Rare-earth ions are known for their sharp and characteristic emissions in the vis-
ible and infrared regions, making them highly suitable for various photonic applica-
tions. For example, Eu³⁺ ions provide intense red emission (^5D₀ → ^7F₂), making 
them ideal for applications in white LEDs, displays, and sensors. Tb³⁺ and Er³⁺ ions 
emit green and infrared light, respectively, and are widely used in LED and fiber-
optic technologies. Eu³⁺-doped ZnO nanomaterials have shown great promise in red 
phosphors, optical sensors, white LEDs, and bioimaging due to their enhanced 
emission efficiency and extended spectral range [12-13]. 

The effectiveness of Eu³⁺ doping in ZnO largely depends on the synthesis 
method, which determines how the ions are incorporated into the lattice–either by 
substituting Zn²⁺ or occupying interstitial sites. These incorporation mechanisms di-
rectly affect defect formation, dopant distribution, and ultimately, PL behavior. 
Techniques such as hydrothermal synthesis, sol-gel processing, and solid-state re-
actions differ in their ability to control these parameters. Therefore, the choice of 
synthesis route and dopant concentration is critical for tailoring the structural and 
optical properties of ZnO for specific applications in photonics, sensors, and energy 
devices [14-15]. 

Doping ZnO NPs with Eu³⁺ ions enhance their luminescent properties, mainly 
through the sharp red emission (~615 nm) corresponding to the ^5D₀ → ^7F₂ tran-
sition of Eu³⁺. These ions serve as luminescent centers within the ZnO matrix, ena-
bling efficient energy transfer and improving both emission intensity and stability. 
Moreover, the inclusion of Eu³⁺ can induce local lattice distortions and alter defect 
states, which further modulate the optical properties.  

Despite the extensive research on Eu³⁺-doped ZnO for enhanced luminescence, 
many studies are limited using a single synthesis method without systematic com-
parisons under well-controlled conditions. The effects of different doping tech-
niques–particularly in-situ versus post-synthesis methods–on structural integrity, 
defect distribution, and optical performance are not yet fully understood. 

This study aims to investigate the influence of Eu³⁺ doping introduced by the wet 
impregnation method on two types of ZnO nanoparticles: commercially available 
and laboratory synthesized. The work focuses on how the origin of ZnO nanopartic-
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les affects lattice distortion, crystallite size, bandgap energy, and photolumines-
cence properties, with particular attention to Eu-related red emission. By correla-
ting the structural modifications with optical behavior, the study provides insights 
into the structure–property relationships of Eu-doped ZnO nanomaterials, contrib-
uting to the rational design of high-performance materials for optoelectronic and 
photonic applications. 

2. Experimental 

2.1. Materials 

The precursors used for the synthesis of ZnO nanoparticles (NPs) included zinc 
acetate dihydrate (Zn (CH₃COO)₂·2H₂O, 99.0%) and sodium hydroxide (NaOH, 
99.9%). Europium (Eu³⁺) ion doping was performed using europium metal powder 
(Eu, 99.0%) dissolved in concentrated nitric acid (HNO₃, 65%). In addition, commer-
cially available ZnO nanopowder with a particle size of <100 nm was used. All chem-
icals were purchased from Sigma-Aldrich and used without further purification. 

2.2. Characterization Techniques 

The morphology and size distribution of the ZnO NPs were examined using 
atomic force microscopy (AFM, NT-MDT) and optical microscopy (OM, Zeiss). The 
crystal structure of both pristine and Eu-doped ZnO NPs was analyzed by X-ray dif-
fraction (XRD) using a Rigaku MiniFlex diffractometer with Cu-Kα radiation (λ = 
1.5406 Å). XRD patterns were recorded in the 2θ range of 20°–80° with a scanning 
rate of 2°/min. UV–Vis absorption spectra were obtained using a Specord 250 Plus 
spectrophotometer. Photoluminescence (PL) properties were investigated using a 
Cary Eclipse Varian fluorescence spectrophotometer. 

2.3. Synthesis of Samples 

2.3.1. Synthesis of ZnO Nanoparticles 

ZnO NPs were synthesized via a chemical co-precipitation method. A 0.25 M 
aqueous solution of Zn(CH₃COO)₂·2H₂O was used as the zinc precursor, while a 
0.625 M NaOH solution served as the precipitating agent. The zinc acetate solution 
was stirred magnetically for 20 minutes. Subsequently, the NaOH solution was 
added dropwise under continuous stirring at room temperature, and the reaction 
was maintained for 4 hours, resulting in the formation of a white precipitate. The 
product was washed several times with ethanol and distilled water using centrifu-
gation to remove residual ions and byproducts. Finally, the precipitate was dried in 
a vacuum oven at 60 °C for 4 hours [16]. The sample obtained via this route was 
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designated as ZnO(S). 

2.3.2. Synthesis of Eu(NO₃)₃·xH₂O as Dopant Source 

To facilitate doping, europium nitrate hydrate (Eu(NO₃)₃·xH₂O) was used due to 
its superior solubility and more effective incorporation of Eu³⁺ ions into ZnO. It was 
prepared by reacting europium metal with concentrated nitric acid under ambient 
conditions. The solution was evaporated at 50 °C to obtain Eu(NO₃)₃·xH₂O as a white 
hygroscopic solid. 

2.3.3. Doping of ZnO NPs with Eu³⁺ Ions 

Two wet impregnation doping approaches were employed: 
• Eu:ZnO(S): Synthesized ZnO(S) nanoparticles doped with Eu³⁺. 
• Eu:ZnO(C): Commercial ZnO(C) nanoparticles doped with Eu³⁺. 
For each sample, 5 g of ZnO was dispersed in 50 mL ethanol + 20 mL distilled 

water under ultrasonication. A 3 mol% Eu³⁺ solution was prepared by dissolving 
Eu(NO₃)₃·6H₂O in 20 mL distilled water and then added dropwise to the ZnO sus-
pension. The mixtures were stirred for 4 h and dried at 100 °C for 3 h. The designa-
tion of all samples is presented in Table 1. 

Table 1. Overview of ZnO nanoparticle samples and the europium doping method. 

Sample Description 

ZnO(S) ZnO synthesized by co-precipitation 

ZnO(C) Commercial ZnO nanopowder 

Eu:ZnO(S) ZnO(S) doped with Eu³⁺ (wet impregnation) 

Eu:ZnO(C) ZnO(C) doped with Eu³⁺ (wet impregnation) 

3. Results and Discussion 

3.1. Particle Size Distribution Analysis 

Figure 1 shows the optical microscopy images of ZnO(C) and ZnO(S) nanoparti-
cles. 

AFM images of ZnO NPs: a) ZnO(C) and b) ZnO(S). The ZnO(C) NPs exhibit pre-
dominantly spherical morphology with a smooth and uniform surface texture. Their 
grains appear densely packed, suggesting a relatively narrow size distribution. The 
lateral grain size of ZnO(C) is estimated to fall in the range of ~50–100 nm. By con-
trast, the ZnO(S) NPs synthesized via the co-precipitation method display grains 
with more pronounced boundaries and a wider size distribution, typically ranging 
from ~60–100 nm or larger. 
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Figure 1. Optical microscopy images of ZnO NPs: a) ZnO(C), b) ZnO(S). 

AFM images of the same samples are presented in Figure 2. 

 

Figure 2. AFM images of ZnO NPs: a) ZnO(C), b) ZnO(S). 

The slightly larger grain size and rougher surface observed in ZnO(S) can be at-
tributed to crystal growth processes inherent to the co-precipitation route, which 
often promotes grain coarsening and partial agglomeration. These morphological 
differences are expected to influence subsequent doping efficiency, optical re-
sponses, and functional performance of the ZnO NPs. 

Figure 3 presents the particle size distribution histograms. The particle size dis-
tribution of ZnO(C) is mainly concentrated in the 40–80 nm range, with the highest 
frequency in the 50–70 nm interval. A tail extending toward ~140 nm indicates the 
presence of a fraction of larger particles, resulting in a somewhat broader distribu-
tion. In comparison, ZnO(S) exhibits a more symmetrical distribution, with the peak 
centered near ~50 nm. 

Although both ZnO(C) and ZnO(S) samples show comparable average particle 
sizes, ZnO(C) demonstrates a wider distribution profile. This variation in size uni-
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formity may affect key parameters such as surface area, chemical reactivity, and 
optical performance, which are critical factors for their application in luminescent 
and optoelectronic devices. 
 

  

Figure 3. Particle size distribution histograms of ZnO(C) and ZnO(S). 

3.2. Crystal Structure of Undoped and Eu³⁺-Doped ZnO NPs 

The crystal structures of the undoped and Eu³⁺-doped ZnO NPs were analyzed 
using X-ray diffraction (XRD). Figure 4 shows the XRD patterns of all samples. 

The diffraction peaks observed for all samples correspond to the hexagonal 
wurtzite phase of ZnO, consistent with the standard reference pattern (ICDD PDF 
01-070-8072). The lattice parameters are a = 3.2465 Å, b = 3.2465 Å, c = 5.2030 Å, 
with angles α = β = 90°, γ = 120° [17]. The prominent peak near 36° corresponds to 
the (101) crystal plane. Table 2 summarizes the main XRD parameter variations of 
ZnO nanostructures induced by Eu³⁺ doping. 

Table 2. Principal XRD characteristics of Eu-doped ZnO nanostructures. 

Sample 2θ (°) – Eu:ZnO 
2θ (°) – ZnO 
Reference 

Intensity (a.u.) – 
Eu:ZnO 

Intensity (a.u.) – ZnO 
Reference 

Eu:ZnO(S) 35.93 36.23 559.64 2042 

Eu:ZnO(C) 36.26 36.45 2000 2222 

 
A clear shift in the 2θ position of the (101) diffraction peak was observed for both 

ZnO nanoparticle types upon Eu³⁺ doping: from 36.45° to 36.26° in Eu:ZnO(C) and 
from 36.23° to 35.93° in Eu:ZnO(S). According to Bragg’s Law, these shifts toward 
lower 2θ values indicate an increase in interplanar spacing (d-spacing), reflecting 
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lattice expansion caused by the substitution of smaller Zn²⁺ ions (ionic radius ~0.74 
Å) with larger Eu³⁺ ions (~0.95 Å). This incorporation introduces strain into the ZnO 
lattice, confirming successful doping. 
 

  

  

Figure 4. XRD patterns of undoped and Eu³⁺-doped ZnO NPs. 

All Eu-doped samples exhibited reduced diffraction intensities compared to their 
undoped counterparts, indicating decreased crystallinity likely due to lattice distor-
tion and defect formation. Among the two, Eu:ZnO(S) showed the greatest intensity 
reduction and lattice distortion, suggesting a stronger structural impact from dop-
ing, whereas Eu:ZnO(C) experienced relatively minor changes in crystallinity. 

Crystallite sizes, calculated using the Debye–Scherrer equation based on FWHM 
values of the dominant peaks, were as follows: ZnO(S) – 24 nm, ZnO(C) – 61 nm, 
Eu:ZnO(S) – 16.01 nm, and Eu:ZnO(C) – 36.06 nm. Eu³⁺ doping led to a reduction in 
crystallite size for ZnO types. While the absolute decrease was more pronounced in 
ZnO(C) due to its initially larger size, the smallest crystallites overall were obtained 
for Eu:ZnO(S), consistent with the greater lattice distortion and defect generation 
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observed in this sample. 
Overall, these results indicate that Eu³⁺ doping affects both the structural integ-

rity and crystallite size of ZnO nanoparticles, with the degree of impact dependent 
on the nanoparticle source. 

3.3. Absorption Properties and Band Gap Analysis of Doped and Undoped ZnO NPs 

Figure 5 shows the UV–Vis absorption spectra of undoped ZnO(C) and ZnO(S) 
nanoparticles. 

 

Figure 5. Absorption spectra of ZnO(C) and ZnO(S) NPs. 

The ZnO(C) and ZnO(S) samples exhibit distinct optical behaviors. The absorption 
edge of ZnO(C) appears near ~380 nm, whereas ZnO(S) displays a slight blue shift 
to approximately ~370 nm. These edges correspond to electronic transitions from 
the valence band to the conduction band. The shift in ZnO(S) suggests a minor in-
crease in its band gap energy, likely caused by smaller crystallite size or a higher 
density of intrinsic defects resulting from the co-precipitation synthesis. ZnO(C) also 
shows increased absorption in the visible region, indicating superior light-harvest-
ing capacity. These findings underscore the influence of synthesis method on the 
optical absorption characteristics and band structure of ZnO NPs. 

The absorption behavior of doped ZnO samples was further investigated. Figure 
6 compares the UV–Vis spectra of Eu³⁺-doped ZnO NPs with their undoped coun-
terparts.  

All Eu³⁺-doped ZnO samples exhibit a primary absorption edge characteristic of 
the ZnO band-to-band transition. However, a consistent decrease in absorption in-
tensity is observed in the doped samples. This reduction is attributed to the incor-
poration of Eu³⁺ ions into the ZnO lattice, which leads to the formation of structural 
defects such as oxygen vacancies and zinc interstitials. These defects introduce lo-
calized energy states within the band gap that serve as trap centers for photogen-
erated charge carriers. As a result, fewer direct transitions between the valence and 
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conduction bands occur, thus reducing overall absorption intensity. 
Additionally, the substitution of divalent Zn²⁺ ions (valence +2) with trivalent Eu³⁺ 

ions (valence +3) require internal charge compensation, often resulting in the cre-
ation of further defects. These defects may promote non-radiative recombination 
pathways, contributing to the overall decrease in optical absorption intensity [18]. 

  

Figure 6. Comparative absorption spectra of doped and undoped ZnO NPs. 

All doped samples exhibit a red shift in their absorption edge compared to un-
doped samples. For example, ZnO(S) shows an absorption edge at ~375 nm, while 
Eu:ZnO(C) shifts further to the ~390 nm range. This red shift indicates a narrowing 
of the optical band gap due to Eu³⁺ incorporation. 

The band gap narrowing can be explained by the substitution of smaller Zn²⁺ ions 
(0.74 Å) with larger Eu³⁺ ions (0.95 Å), which introduces lattice distortion and local-
ized states within the band structure. Additionally, defect formation and potential 
changes in surface morphology contribute to the shift in optical transitions.  

In addition, Tauc plots were constructed from the UV–Vis absorption data to es-
timate the band gap energies, assuming direct allowed transitions (Figure 6). The 
derived band gap values are summarized in Table 3. 

Table 3. Optical band gap (Eg) values of doped and undoped ZnO NPs. 

Sample  
nomination 

Doping  
approach 

Optical band  
gap values 

ZnO(C) Undoped 3.05 eV 

ZnO(S) Undoped 3.00 eV 

Eu:ZnO(C) Wet impregnation 2.95 eV 

Eu:ZnO(S) Wet impregnation 2.9 eV 

 
As shown, Eu³⁺ doping leads to a decrease in the optical band gap for both ZnO(C) 
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and ZnO(S). These findings support the conclusion that Eu³⁺ doping extends the op-
tical absorption of ZnO into the visible range. Such a shift is highly desirable for 
applications in optoelectronic and photonic devices that require efficient visible-
light response and tunable electronic properties. 
 

  

  

Figure 6. Band gap determination of doped and undoped ZnO NPs using the Tauc plot 
method. 

3.4. Photoluminescence (PL) Properties of ZnO and Eu:ZnO Nanoparticles 

Figure 7 presents the comparative PL spectra of undoped ZnO NPs and Eu³⁺-
doped ZnO NPs synthesized by different methods. The PL spectra were recorded 
with an excitation wavelength of 325 nm. The spectra reveal two main emission 
regions characteristic of ZnO: a UV emission band below 400 nm and a broad visible 
emission between 400–700 nm. Distinct emission peaks are observed at ~390 nm, 
420 nm, 445 nm, 486 nm, and 501 nm. 

The emission at 390 nm corresponds to near-band-edge (NBE) emission of ZnO, 
attributed to the radiative recombination of free excitons across the intrinsic 
bandgap (~3.2–3.3 eV). The 420 nm peak is linked to interstitial zinc defects (Znᵢ⁺), 
while the 445 nm emission arises from surface-related defects, particularly singly 
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ionized oxygen vacancies (V₀⁺). The 501 nm peak is attributed to interstitial oxygen 
(Oᵢ) defects, reflecting recombination processes involving deep-level defects [5]. 

 

 

Figure 7. PL spectra of undoped and Eu³⁺-doped ZnO nanoparticles. 

Comparing the spectra of ZnO(C) and Eu:ZnO(C) reveals that doping with Eu³⁺ 
enhances the emission intensity in the visible region and causes a slight red shift in 
the emission peak (~505 nm). This enhancement is primarily attributed to the for-
mation of additional structural defects, especially oxygen vacancies, created during 
Eu³⁺ ion substitution for Zn²⁺ ions. This substitution induces a charge imbalance in 
the ZnO lattice, which is compensated by defect formation, such as V₀⁺ and inter-
stitials. These defects act as radiative recombination centers, thus increasing visible 
emission [19]. 

A similar trend is observed when comparing ZnO(S) and Eu:ZnO(S), both synthe-
sized via the wet impregnation method. Emission peaks are detected at ~385 nm, 
388 nm, 445 nm, 563 nm, 583 nm, and 592 nm. The broad bands at 563 nm and 
583 nm are characteristic of deep-level emission and are generally attributed to a 
combination of oxygen and zinc vacancies in ZnO nanostructures [20]. 

Doping ZnO(S) with Eu³⁺ clearly enhances luminescence intensity in both the UV 
and visible regions. This increase is attributed to the same mechanism discussed 
above–defect formation due to Eu³⁺ incorporation. These defects introduce deep 
energy levels within the bandgap that enable radiative recombination of lower-en-
ergy photons, thereby shifting the emission spectrum toward the red region. 

Notably, a strong emission peak appears at ~592 nm, corresponding to the ⁵D₀ 
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→ ⁷F₁ transition of Eu³⁺. This red emission is a signature of intra-4f transitions in 
Eu³⁺ ions and confirms the presence of stable luminescent centers embedded in the 
ZnO matrix. 

Among all the doped samples, Eu:ZnO(S) exhibits the most pronounced optical 
performance. It shows the highest overall PL intensity and a dominant emission 
peak at 592 nm, confirming effective energy transfer to Eu³⁺ centers and the for-
mation of efficient luminescence pathways. The enhanced yellow-red emission 
(~560–590 nm range) makes this sample especially promising for photonics and 
optoelectronic applications, including red phosphors and visible-light emitters. 

4. Conclusion 

The effects of europium (Eu³⁺) doping on the structural, optical, and luminescent 
properties of ZnO nanoparticles (NPs) were systematically investigated using two 
different approaches: after synthesis (Eu:ZnO(S)) and using commercial ZnO NPs 
(Eu:ZnO(C)). Regardless of the doping method, the hexagonal wurtzite structure of 
ZnO was preserved in all samples. 

AFM analysis revealed that ZnO(S) exhibited a more uniform particle size distri-
bution compared to ZnO(C). XRD results showed crystallite sizes of ~24 nm for 
ZnO(S) and 61 nm for ZnO(C), with a consistent decrease in crystallite size upon Eu³⁺ 
doping. The most significant structural alteration was observed in Eu:ZnO(S), where 
the crystallite size reduced from 24 nm to 16.01 nm, indicating increased lattice 
strain and reduced crystallinity. 

UV–Vis absorption spectra showed absorption edges at 370 nm and 380 nm, cor-
relating with particle size variations. A blue shift (370 nm) in ZnO(S) suggested 
smaller particles, while a red shift in doped samples (up to ~390–400 nm) indicated 
lattice distortion and band gap narrowing. Doping-induced defect states–particu-
larly oxygen vacancies and charge-compensating defects from Eu³⁺ substitution for 
Zn²⁺–led to an overall decrease in absorption intensity. 

Photoluminescence spectra revealed characteristic emission peaks at 390, 445, 
505, and 563 nm, associated with near-band-edge excitonic recombination and in-
trinsic defect levels. Eu³⁺ doping, whether performed post-synthetically, enhanced 
visible emission intensity and caused a redshift in emission maxima. This lumines-
cence enhancement is attributed to increased defect density, especially oxygen va-
cancies, which facilitate efficient radiative recombination. 

A distinct emission peak at ~592 nm, corresponding to the ⁵D₀ → ⁷F₁ transition 
of Eu³⁺, confirmed the successful incorporation of Eu³⁺ luminescent centers. These 
intra-4f transitions, combined with band structure modifications and mid-gap 
states, enabled sub-band-gap optical transitions and visible photoluminescence en-
hancement. 

The combined UV–Vis and XRD analyses demonstrate a direct correlation bet-
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ween Eu³⁺-induced lattice distortions and the optical behavior of ZnO NPs. Struc-
tural changes such as lattice expansion, crystallinity reduction, and defect for-
mation explain the observed redshifts in absorption and emission, as well as the 
narrowing of the band gap–particularly notable in Eu:ZnO(S). 

In conclusion, Eu:ZnO(S) exhibits the most pronounced structural and optical 
modifications, making it the most promising candidate for applications requiring 
enhanced luminescence efficiency, such as in optoelectronic, display, or sensor 
technologies. 
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