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Abstract: The effect of Eu³⁺ doping on the structural and photoluminescence properties of zinc 

oxide (ZnO) nanopowders synthesized via the sol–gel method was investigated. The samples were 

characterized using powder X-ray diffraction (XRD), Raman spectroscopy, photoluminescence 
(PL), and photoluminescence excitation (PLE) spectroscopy. XRD results revealed that samples 

with low Eu³⁺ concentration exhibited a single hexagonal wurtzite phase, whereas higher Eu³⁺ 

concentrations consisted of ZnO and Eu₂O₃ phases. The results calculated from XRD indicate that a 

small amount of Eu3+ ions has been successfully doped into the ZnO host lattice. The Raman spectra 

of Eu3+ doped ZnO reveal significant modifications in vibrational behavior arising from Eu3+ 

incorporation. PL spectrum of the undoped ZnO sample exhibits peaks in both the ultraviolet (UV) 

and visible regions. The UV emission peaks arise from electron recombination near the band gap, 

while the visible emission peaks are attributed to oxygen vacancies (𝑉𝑂
0, 𝑉𝑂

+, 𝑉𝑂
++). The sharp direct 

4f–4f excitation and emission lines of Eu³⁺ were observed in the PLE and PL spectra, respectively. 

The energy transfer from the ZnO host to Eu³⁺ ions is found. 

Keywords: Sol-gel, ZnO:Eu3+ nanopowders, Raman, photoluminescence. 

1. Introduction
* 

Zinc oxide (ZnO) is an important and attractive II-VI semiconductor due to its wide direct band gap 
(approximately 3.37 eV) and a large exciton binding energy (60 meV). Because of their low cost, low 

toxicity, biocompatibility, superior chemical and unique optical properties, ZnO nanomaterials are used 

in a wide range of applications, including optics [1, 2], electronics [3], biology [4], and environmental 

protection [5]. Under appropriate excitation conditions, ZnO exhibits two main emission bands, one at 
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around 380 nm, attributed to near-band-edge emission, and a broader band in 450–800 nm, associated 

with intrinsic defect emission [5, 6]. Rare-earth doping of ZnO (ZnO:RE) can expand its optical and 
electronic properties by altering defects and electron transport. The 4f electronic transitions of RE ions 

introduce characteristic visible emission lines and can influence the electronic structure, thereby 

enhancing photoconductivity and charge-carrier control. As a result, ZnO:RE materials are promising 
candidates for applications in light-emitting diodes, sensors, and UV photodetectors [7]. In this study, 

ZnO:Eu³⁺ nanopowders were synthesized via the sol–gel method because of its simplicity, low cost, and 

suitability for large-scale production. This synthesis route provides molecular-level homogeneity, 

ensuring uniform dispersion of dopant ions within the ZnO host lattice. The influence of Eu³⁺ doping 
concentration on the structural, PL, and PLE properties of ZnO:Eu³⁺ nanopowders is systematically 

investigated.  

2. Experimental   

ZnO:Eu³⁺ nanopowders were prepared via the sol–gel method. First, 0.2 g of (CH₂CHOH)ₙ was 

dissolved in 20 mL of distilled water at room temperature under magnetic stirring until a clear solution 
was obtained. Subsequently, 2 g of Zn(O₂CCH₃)₂ was added to the solution and the mixture was stirred 

for 30 min. An aqueous solution of Eu(NO₃)₃ (0.2 M) was then introduced to obtain Eu³⁺ doping 

concentrations of 0.0, 0.1, 0.5, 1.0, 3.0, and 6.0 mol%. The corresponding samples were denoted as S0, 

S1, S2, S3, S4, and S5, respectively. The mixtures were continuously stirred and heated at 80 °C until 
the solvent evaporated and a transparent gel was formed. The gel was then dried at 100 °C for 24 h. 

Finally, the dried products were annealed at 650 °C for 5 h to obtain ZnO:Eu³⁺ nanopowders. 

The crystalline structure of ZnO:Eu3+ nanopowders was studied by an Empyrean X-ray 
diffractometer (XRD), using Cu-Kα1 irradiation (λ = 1.54056 Å). SEM images were obtained using a 

Thermo Scientific Apreo 2S scanning electron microscope. Raman spectra were obtained using a micro-

Raman spectrophotometer, LabRAM HR 800 (HORIBA JobinYvon), with an excitation wavelength of 
632.8 nm. Photoluminescence (PL) and photoluminescence excitation (PLE) spectra were recorded at 

room temperature using a Fluorolog FL3-22 spectrofluorometer (Jobin Yvon Spex) with a 450 W xenon 

lamp as the excitation source. 

3. Results and Discussion 

3.1. Morphology and Structure Characterization  

   

Figure 1. SEM images of S0, S3, and S5 samples. 

(S0) (S3) (S5) 
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The SEM images of S0, S3, and S5 samples are shown in Fig. 1. It can be seen that the size of the 

particles decreases with increasing Eu³⁺ content. The undoped S0 sample's irregular aggregated 
morphology has a relative particle diameter in the range of 100 - 350 nm, whereas the S3 sample has a 

diameter in the 40 - 70 nm range, and the S5 sample has a diameter in the 20 - 40 nm range. 

  

  

Figure 2. XRD patterns (a), Raman spectra (b), enlarged area for E2(low) (c) and E2(high) (d)  

of S0, S1, S2, S3, S4 and S5 samples. 

 Fig. 2(a) presents the XRD patterns recorded in the 25 ÷ 70 o range of the S0-S5 samples. XRD 

results indicate well-defined diffraction peaks with high crystallinity, characteristic of hexagonal 
wurtzite ZnO structure (JCPDS No. 36-1451). No additional peak was detected in S1, S2 and S3 

samples, thus suggesting homogeneous dispersion of dopant in ZnO host. However, a weak peak appears 

at about 28.28 o for sample S4 and grows further in intensity for S5, which has been ascribed to (222) 
crystal planes phase of Eu2O3 (JCPDS No. 86-2476). It indicates that a small proportion of Eu2O3 is 

separated from the ZnO host. Notably, the XRD peaks of ZnO:Eu³⁺ are slightly broader and weaker in 

intensity compared to those of ZnO, indicating that the incorporation of Eu³⁺ ions inhibits the growth of 
ZnO. The inhibition of crystallite growth was also observed in doped ZnO with other rare earths, such 

as Er3+ [8] and Sm3+ [9]. The grain size of the crystallites, interplanar spacing, and lattice parameters of 

all samples were calculated using the formula given below:  
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𝐷 =
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
 [10], 𝑑 =

𝜆

2𝑠𝑖𝑛𝜃
 [11] and 

1

𝑑2
=

4(ℎ2+𝑘2+ℎ𝑘)

3𝑎2
+

𝑙2

𝑐2
 

where: D is the mean crystallite size, K is the shape factor taken as 0.89, λ is the wavelength of the 
incident beam, β is the full width at half maximum and θ is the Bragg angle. The results were calculated 

using the most intense diffraction peaks of ZnO, corresponding to the (100), (002), and (101) planes, as 

shown in Table 1. Compared to the undoped ZnO sample, the lattice parameters of ZnO:Eu3+ are slightly 
expanded due to the larger ionic radius of Eu3+ (0.95 Å) compared to that of Zn2+ (0.74 Å) [12]. This 

result indicates that a small amount of Eu3+ ions has been successfully doped into the crystal lattice of 

ZnO host. Some previous studies have shown that Eu3+ does not readily substitute for Zn2+ tetrahedral 

sites in the wurtzite-type structure, leading to Eu3+ occupying interstitial positions or forming surface 
clusters [12, 13]. 

Table 1. XRD parameters and average size of crystalline grains for S0, S1, S2, S3, S4 and S5. 

Sample 

name 

2θ (o) d- spacing 

(Å) 

FWHM (o) Average crystalline 

size D (nm) 

Lattice parameter (Å) 

S0 31.689 

34.352 

36.179 

2.8213 

2.6033 

2.4808 

0.3455 

0.3418 

0.3461 

24.1 a = 3.2570 ± 0.0007 

c = 5.2128 ± 0.0039 

 

S1 31.684 

34.350 

36.175 

2.8217 

2.6086 

2.4810 

0.3552 

0.3486 

0.3551 

23.5 a = 3.2574 ± 0.0008 

c = 5.2128 ± 0.0042 

 

S2 31.690 

34.353 

36.180 

2.8312 

2.6083 

2.4807 

0.3601 

0.3535 

0.3671 

23.1 a = 3.2569 ± 0.0007 

c = 5.2127 ± 0.0040 

 

S3 31.682 

34.349 

36.171 

2.8219 

2.6086 

2.4812 

0.3755 

0.3721 

0.3816 

22.1 a = 3.2570 ± 0.0007 

c = 5.2128 ± 0.0039 

 

S4 31.688 

34.356 
36.177 

2.8213 

2.6081 
2.4809 

0.3764 

0.3735 
0.3792 

22.1 a = 3.2577 ± 0.0007 

c = 5.2134 ± 0.0039 
 

S5 31.688 

34.355 

36.179 

2.8213 

2.6082 

2.4807 

0.4124 

0.3932 

0.4031 

20.6 a = 3.2573 ± 0.0006 

c = 5.2129 ± 0.0032 

 

 

In addition, Raman spectroscopy was used to complement the structural characterization of the 
synthesized samples, and the spectra are shown in Fig. 2(b). The peak positions are summarized in Table 

2. The Raman spectrum of the S0 sample exhibits peaks at 98.6, 164, 207, 333, 390, 438.2, 495, 561, 

650, 728, and 813 cm-1. Our results are consistent with previous Raman studies [14-19]. Two very 

intense, sharp peaks at 98.6 and 438.2 cm-1 belong to the E2 (low) and E2 (high) modes of ZnO. The E2 
(low) mode is related to the vibration of the Zn lattice, while the E2 (high) mode is attributed to the 

vibration of the O lattice [14-19]. The Raman peak located at about 164 cm-1 was assigned to the 

transverse acoustic (TA) phonons around the K point of the Brillouin zone [17]. The peak at 207 cm-1 
can be attributed to 2E2 (low) and 2TA overtones L-M and H [14, 18]. The peak, which appears at 333 

cm-1, is ascribed to the difference E2(high)-E2(low) [14, 15, 18]. The peaks at 390 and 561 cm-1 can be 

attributed to E1(TO) and A1(LO), respectively [14, 18]. The peak at 495 cm-1 contains contributions from 

the 2B1(low) mode at the Γ point of the Brillouin zone and the 2LA overtones at the L, M, H and K 
points [14, 18]. The combination of acoustic and optical modes appears at 650 cm-1 [14, 18]. The peaks 

at 728 and 813 cm-1 can correspond to the second-order Raman modes with A1 symmetry [14].  
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Table 2. The wavenumbers of Raman-active vibrations observed in S0, S1, S2, S3, S4 and S5 samples. 

Process 
Brillouin zone 

points 

Wavenumbers (cm-1) 

S0 S1 S2 S3 S4 S5 
Ref. 

[14] 

E2 (low) Γ 98.6 98.5 98.5 98.4 98.4 98.3 99 

TA M - 124 126 126 124 126  

TA K 164 165 163 167 165 164  

2TA ,2E2 (low) L, M, H; Γ 207 206 206 210 213 213 208 

B1(high)- B1(low) Γ - 264 265 265 269 268 284 

E2(high)-E2(low) Γ 333 330 326 331 331 332 333 

E1(TO) Γ 390 394 397 403 403 406 410 

E2(high) Γ 438.2 437.8 437.3 437.2 436.5 436.6 433 

2B1(low); 2LA Γ; L, M, H, K  495 494 490 490 483 483 536 

A1 (LO) Γ 561 557 560 563 560 556 574 

E1(TA)+E1(LO), 

E2(TA)+E2 (LO) 

L, H 
650 644 644 639 642 641 657 

A1(LO)+A1(TO) L-M 728 731 728 728 727 726 723 

A1(LO)+A1 (TO) L, M 813 813 815 818 816 818 812 

A1(2TO) L-M-K-H - - - - 910 910 980 

 

Compared to the undoped sample, the Raman spectra of Eu3+ doped ZnO reveal significant 

modifications in vibrational behavior arising from Eu incorporation. As shown in Fig. 2(c,d), the 
intensities of both the E₂(low) and E₂(high) modes decrease markedly with increasing Eu³⁺ 

concentration. Moreover, increasing Eu³⁺ doping leads to asymmetrical broadening and a shift toward 

lower wavenumbers of these modes. Two additional peaks were observed in all Eu-doped ZnO samples, 

located at approximately 124 cm⁻¹ and 264 cm⁻¹. Moreover, an additional peak at 910 cm⁻¹ was detected 
in the 3.0 and 6.0 mol% Eu-doped ZnO samples. The peak at about 124 cm⁻¹ was assigned to the 

transverse acoustic (TA) phonons around the M point of the Brillouin zone [17]. The peak appearing at 

approximately 264 cm⁻¹ is attributed to the difference mode B1(high)–B1(low) [14]. The peak at 910 
cm⁻¹ could be attributed to the A1(2TO) overtone modes at the L, M, H, and K points [14]. Another 

noteworthy feature is that all Raman modes, except for the E₂(low) and E₂(high) modes, exhibit 

increased intensity with increasing Eu³⁺ impurity concentration. It is well known that the E₂(low) mode 
is influenced by Zn2+ interstitial defects and E₂(high) by O2 vacancies [19]. The A1(LO) and E1(LO) 

modes are usually associated with the defect Zn2+ interstitial and O2- vacancy in ZnO lattice [19]. In 

addition, according to the Raman selection rule, the B1 modes are generally inactive in Raman spectra 

[14-18]. These modifications indicate that substitution at Zn²⁺ sites by Eu³⁺ ions, accompanied by the 
breakdown of translational crystal symmetry, the formation of O²⁻ vacancies, and the Zn2+ interstitial, 

constitute the predominant disorder-related defects in Eu3+ doped ZnO samples.   

3.2. Luminescence Characterization  

Fig. 3(a) shows the photoluminescence excitation (PLE) spectra monitored at 510 nm of S0-S5 
samples. In each spectrum, a high excitation band at 285 – 395 nm with a maximum at 370 nm (3.35 

eV) was observed. This excitation band is attributed to electronic transitions involving the valence band, 

conduction band, and intrinsic defect levels of the ZnO host lattice [20]. The intensity of this excitation 

band gradually decreases with increasing Eu³⁺ concentration. This behavior may be associated with 
changes in the defect chemistry of the Eu-doped ZnO system. Fig. 3(b) presents the PL spectra of the 

S0-S5 samples in the range of 410-710 nm, with an excitation wavelength of 370 nm, corresponding to 
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the wavelength of the most intense peak in the PLE spectrum. The PL spectrum of the S0 sample displays 

three distinct emission peaks at approximately 510, 610, and 665 nm, among which the 610 nm emission 
exhibits the highest intensity. These peaks are attributed to radiative transitions from the conduction 

band to deep-level defect states related to deep-level neutral oxygen vacancies (VO), oxygen vacancies 

single charge (𝑉𝑂
+) and oxygen vacancies double charge (𝑉𝑂

++), respectively [21]. Interestingly, the 

intensity of the deep-level defect emissions associated with the ZnO host lattice decreases markedly in 
the Eu-doped ZnO samples, accompanied by the appearance of sharp PL peaks at 578, 592, and 615 nm. 

These emissions are attributed to the transitions from the excited ⁵D₀ level to the ⁷F₀, ⁷F₁, and ⁷F₂ levels 

of Eu³⁺ (4f⁶ configuration), respectively [22, 23]. This observation confirms the energy transfer from the 
ZnO host to Eu³⁺ ions.  

 
 

Figure. 3. PLE (a) and PL (b) spectra of S0, S1, S2, S3, S4 and S5 samples. 

Fig. 4(a) presents the PL spectra of the S0–S5 samples under excitation at 335 nm. The excitation 
energy (3.7 eV) exceeds the band gap energy of ZnO (3.4 eV), enabling the excitation of electrons from 

the valence band to the conduction band and to defect-related states within the band gap. In addition to 

the visible emission band, the UV emission peak with a maximum at 383 nm was observed. This peak 
is a near-band-edge (NBE) recombination and is considered a characteristic emission of ZnO [24]. A 

careful examination of the UV region of the PL spectra reveals a gradual decrease in the intensity of the 

383 nm peak with increasing Eu³⁺ concentration. In addition, a weak emission peak at 398 nm was also 

observed. The 398 nm peak is attributed to electron transitions from a localized energy level slightly 
below the conduction band to the valence band [24]. Fig. 4(b) presents the PLE spectra of the S3 sample, 

recorded by monitoring emission wavelengths at 578, 592, 615, and 665 nm. The PLE spectrum of the 

S3 sample monitored at 510 nm is also presented for comparison. In addition to the broad excitation 
band related to the ZnO host, five sharp direct 4f–4f excitation lines of Eu³⁺ were observed in the 

excitation spectra. Specifically, the sharp lines at 394, 415, 464, 531 and 578 nm correspond to electron 

transitions from the ground state 7F0 to the different excited states 5L6, 
5D3, 

5D2, 
5D1 and 5D0 of the Eu3+ 

ions, respectively [25]. In particular, the appearance of a broad UV excitation band associated with the 

ZnO host in the selective PLE spectra monitored at the 5D0→ 7F1 (592 nm) and 5D0 → 7F2 (615 nm) 

emissions indicates an indirect excitation mechanism via energy transfer from the ZnO host to Eu³⁺ ions. 

Based on the PL and PLE results, the energy transfer process can be described as follows. Upon UV 
excitation, the ZnO host absorbs incident photons, promoting electrons from the valence band to the 

conduction band through direct band-to-band transitions. The excited electrons subsequently recombine 

with holes in the valence band and deep-level defect states, inducing emissions at 383, 510, 610, and 
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665 nm. Part of this emitted energy is then transferred non-radiatively to nearby Eu³⁺ ions, promoting 

their electrons from the ground state to excited states and resulting in the characteristic Eu³⁺ emissions. 

 
 

Figure 4. PL spectra under excitation wavelengths 335 nm of S1-S5 samples (a) and PLE spectra monitored  

at different wavelengths of the S3 sample (b). 

The PL spectra of the S1–S5 samples excited at 394 and 464 nm are presented in Fig. 5(a-b). The 

emission spectra under both excitation wavelengths are similar, consisting of sharp peaks located at 578 

nm (5D0→ 7F0), 592 nm (5D0→ 7F1), 615 nm (5D0→ 7F2), 655 nm (5D0→ 7F3), and 692–704 nm (5D0→ 
7F4), which are characteristic transitions of Eu³⁺ ions. The optimal doping concentration was determined 
to be 1.0 mol% (S3 sample). A further increase in Eu³⁺ concentration resulted in concentration 

quenching, which can be attributed to enhanced non-radiative energy transfer among neighboring Eu³⁺ 

ions. It is well known that the PL intensity ratio (5D0→ 7F2)/(
5D0→ 7F1) is an important parameter for 

evaluating the asymmetry of Eu³⁺ sites, reflecting the proportion of Eu³⁺ ions occupying non-

centrosymmetric versus centrosymmetric environments [26]. The electric dipole transition (5D0→ 7F2), 

corresponding to the emission peak at 615 nm, is highly sensitive to local structural changes and is 

widely used as a spectroscopic probe. In contrast, the 5D0→ 7F1 transition at 592 nm is a magnetic dipole 
transition and is relatively insensitive to site symmetry. In our samples, Eu³⁺ ions are located in a low-

symmetry crystal field; therefore, the emission spectrum is dominated by the intense red emission at 615 

nm arising from the 5D0→ 7F2 transition. 

  

Figure 5. PL spectra under excitation wavelengths 394 nm (a) and 464 nm (b) of S1-S5 samples. 

400 450 500 550 600
0.0

4.0x10
4

8.0x10
4

1.2x10
5

1.6x10
5

(a) 
ex

= 335 nm

5
9
2

5
7
8 6
1
5

5
1
0

3
9
83

8
3

 

 

In
te

n
s
it
y
 (

C
p

s
)

Wavelength (nm)

 S0

 S1

 S2

 S3

 S4

 S5

300 350 400 450 500 550 600
0.0

8.0x10
4

1.6x10
5

2.4x10
5

3.2x10
5

(b)

5
7
8

5
3
1

4
1
5

4
6
4

3
9
4

3
7
0

 

 

In
te

n
s
it
y
 (

C
p

s
)

Wavelength (nm)

 
em

= 510 nm

 
em

= 578 nm

 
em

= 592 nm

 
em

= 615 nm

 
em

= 665 nm

450 500 550 600 650 700
0.0

3.0x10
4

6.0x10
4

9.0x10
4

1.2x10
5

(a) 
ex

= 394 nm

7
0
4

6
5
5

6
1
5

5
9
2

5
7
8

 

 

In
te

n
s
it
y
 (

C
p
s
)

Wavelength (nm)

 S1

 S2

 S3

 S4

550 600 650 700 750

0.0

4.0x10
4

8.0x10
4

1.2x10
5

1.6x10
5

(b) 
ex

= 464 nm

6
9
2 7

0
4

6
5
5

6
1
5

5
9
2

5
7
8

 

 

In
te

n
s
it
y
 (

C
p

s
)

Wavelength (nm)

 S1

 S2

 S3

 S4



T. T. Loan et al. / VNU Journal of Science: Mathematics – Physics, Vol. 42, No. 3 (2026) 1-10 8 

4. Conclusion 

The effects of Eu³⁺ doping on the structural and photoluminescence properties of ZnO:Eu3+ 

nanopowders were investigated. XRD results confirm that all samples possess a hexagonal wurtzite 

structure, while a weak secondary phase attributed to Eu₂O₃ appears at higher Eu³⁺ concentrations (3 
and 6 mol%). XRD and Raman analyses reveal that the incorporation of Eu³⁺ ions at Zn²⁺ sites induces 

lattice disorder, leading to the formation of O²⁻ vacancies and Zn²⁺ interstitials. The PL spectra exhibit 

near-band-edge emission, defect-related emissions, and characteristic Eu³⁺ transitions from the ⁵D₀ 

excited state to the ⁷Fⱼ (j = 0–4) levels. Due to the low-symmetry crystal field surrounding Eu³⁺ ions, the 
emission is dominated by a strong red band at 615 nm corresponding to the ⁵D₀ → ⁷F₂ transition. These 

results show that ZnO:Eu³⁺ nanopowders are promising candidates for orange-red phosphors in pc-LED 

applications. 
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