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A B S T R A C T

This study explores the synthesis and luminescent properties of europium-doped gallium oxide (Ga₂O₃:Eu) ce-
ramics fabricated via electron beam-assisted synthesis (EBAS) at 1.4 MeV. The resulting Ga₂O₃:Eu ceramics 
exhibit a nanocrystalline structure with an average crystallite size of ~30 nm, high crystallinity, and minimal 
lattice strain (<0.5 %). Luminescence analysis from 4 K to 300 K reveals both intrinsic and europium-induced 
emissions. While intrinsic Ga₂O₃ emission exhibits thermal quenching above 100 K, Eu³⁺-related emissions, 
notably the 611 nm red emission, show thermal stability, retaining ~90 % of their intensity at 300 K. Addi-
tionally, a novel low-temperature emission peak at 1.74 eV, potentially associated with electron beam-induced 
defects, was detected, meriting further exploration. These findings indicate that Ga₂O₃:Eu ceramics synthesized 
via EBAS hold promise for optoelectronic, radiation detection, and high-temperature applications, given their 
rapid production and enhanced thermal stability.

1. Introduction

β-Ga₂O₃-based phosphors have demonstrated significant promise in 
the field of optoelectronics, particularly in white light-emitting diodes 
(LEDs) [1]. The successful application of Ga₂O₃ phosphors hinges on 
selecting appropriate activators. Rare-earth ions such as Eu³⁺ (red 
emission), Tb³⁺ (green emission), and Ce³⁺ (blue emission) have been 
widely studied for this purpose [2–4]. Furthermore, Ga₂O₃ phosphors 
are characterized by high thermal stability, a crucial feature for their use 
in devices like LEDs. However, their efficiency remains lower compared 
to well-established phosphor materials, necessitating ongoing research 
to enhance their luminescence performance.

Overall, gallium oxide holds substantial potential as a scintillator 
and phosphor material, with properties that can be significantly 
improved through doping. The introduction of rare-earth ions such as 
Eu³⁺, Ce³⁺, and other luminescent centers (e.g., Tb³⁺, Tm³⁺) into β-Ga₂O₃ 

has been extensively explored to boost scintillation efficiency [5–7]. 
Doping introduces energy levels within the bandgap, which aids the 
scintillation process. Despite these advances, the main challenge lies in 
mitigating non-radiative transitions, which can significantly reduce 
scintillation efficiency. Current research is focused on achieving higher 
crystal quality and optimizing doping techniques to address these issues.

To fully unlock the potential of Ga₂O₃ in these applications, addi-
tional research is needed to overcome the challenges associated with 
non-radiative transitions in scintillators and to improve the efficiency of 
Ga₂O₃-based phosphors. Advances in synthesis techniques, along with a 
more profound understanding of the material’s properties, are expected 
to pave the way for enhanced performance in optoelectronic and scin-
tillation applications.

The study by Yafei Huang et al. [8] investigates the temperature 
dependence of photoluminescence in Ga₂O₃ thin films doped with Eu³⁺ 
ions, grown by pulsed laser deposition. The films exhibit stable Eu³⁺ red 
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emission, maintaining approximately 55 % of their intensity as the 
temperature increases from 21 K to room temperature, whereas the 
broad defect bands of Ga₂O₃ in the UV-green region experience signifi-
cant thermal quenching and a redshift. These results indicate that Ga₂O₃: 
Eu³⁺ is a promising material for thermally stable luminescent devices.

The work by Zhengwei Chen et al. [9] demonstrates the development 
of red LEDs based on Eu₂O₃/GaAs heterostructures, where luminescence 
associated with the ⁵D₀ → ⁷F₂ transitions of Eu³⁺ ions is effectively 
generated at low voltages due to carrier recombination through defects 
in Ga₂O₃. This opens up prospects for the development of small-scale, 
low-voltage displays.

In the study by Takayuki Yanagida et al. [10], Ga₂O₃ samples doped 
with europium were developed, and the sample containing 1 % Eu 
exhibited the best scintillation and dosimetric properties, including high 
scintillation intensity and thermally stimulated luminescence, making it 
promising for radiation detectors.

The research by Yafei Huang et al. [11] demonstrates the successful 
fabrication of a Ga₂O₃:Eu/n-Si LED, which exhibits intense red electro-
luminescence at 615 nm at a low operating voltage (~7.9 V). This paves 
the way for the development of silicon-compatible full-color displays 
and lighting technologies.

Europium-doped β-Ga₂O₃ thin films, grown on sapphire substrates by 
pulsed laser deposition, exhibited a sharp band edge at 5.0 eV, intense 
red emission at 611 nm from Eu³⁺ transitions, and a temperature- 
insensitive photoluminescence lifetime of 1.4 ms, which is longer than 
that observed in GaN hosts [12].

Nanocrystals of β-Ga₂O₃:Eu, synthesized by mechano-chemical pro-
cessing in a ZrO₂ milling chamber, exhibited enhanced luminescence 
intensity due to the influence of the milling chamber material on their 
optical properties [13]. The chamber material and milling speed influ-
enced the crystal size, ranging from 30 nm to 5 μm, with larger particles 
enhancing matrix emission and smaller ones increasing Eu³⁺ emission.

For the first time, β-Ga₂O₃ ceramics synthesized using electron beam- 
assisted synthesis (EBAS) were presented and extensively discussed by 
Usseinov et al. [14]. This innovative method stands out due to its 
remarkable speed, achieving the synthesis of high-quality β-Ga₂O₃ ce-
ramics in just 36 s—a drastic reduction in processing time compared to 
conventional methods. This technique offers significant advantages in 
terms of efficiency and cost-effectiveness, making it highly attractive for 
large-scale production.

In this study, europium (Eu³⁺) was successfully incorporated into the 
Ga₂O₃ matrix, demonstrating the technique’s ability to tailor the lumi-
nescent properties of the ceramics for specific applications.

The primary goal of the research was to establish the feasibility of 
synthesizing europium-doped Ga₂O₃ ceramics using electron irradiation. 
The study carried out a comprehensive series of structural and lumi-
nescence analyses across a broad temperature range to understand the 
material’s behavior under different conditions.

2. Sample preparation and research methods

The Ga2O3:Eu samples were synthesized by the authors using a 
method known as EBAS method, an innovative approach for producing 
refractory and complex compounds. High-purity gallium oxide - Ga₂O₃ 
(5 N purity) and europium oxide - Eu₂O₃ (4 N purity) from HEBEI SUOYI 
NEW MATERIAL TECHNOLOGY CO., LTD. (China) were used as raw 
materials for ceramic production. Fine crystalline powders of the raw 
materials were weighed and mixed with 2 wt% Eu₂O₃. The mixture was 
mechanically processed in a ball mill for 30 min to reduce particle size 
and ensure uniform distribution of the components. The synthesis 
involved directly irradiating the prepared oxide mixture for the 1 min 
with an electron beam at 1.3 MeV energy and 45.5 kW power, utilizing 
the ELV-4 accelerator at the Nuclear Technology Park of L.N. Gumilyov 
Eurasian National University. The resulting ceramic samples were 

Fig. 1. Ga2O3:Eu сeramics synthesis illustration.
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cooled to room temperature, divided into several portions, and exam-
ined. An illustration of ceramic synthesis is shown in Fig. 1.

Based on our experiments, we determined that 2 wt% Eu₂O₃ 
(equivalent to 1.075 mol.%) is the optimal concentration. This prevents 
concentration quenching while maintaining high luminescence effi-
ciency without compromising the material’s structural integrity. A 
similar conclusion was reached by Takayuki Yanagida et al. in their 
study [10], where samples with 1 % europium exhibited the best 
luminescent properties.

The synthesized compounds were characterized using X-ray 
diffraction analysis (Bruker D6 PHASER). SEM and EDS analyses were 
conducted with a Tabletop Microscope TM4000Plus II.

The Williamson-Hall method is used to analyze the broadening of 
XRD peaks to estimate crystallite size (D) and microstrain (ε) in mate-
rials. Peak broadening is influenced by these two factors, and the 
method relies on the equation: βcosθ = kλ/D+4εsinθ, where β-the peak 
width (FWHM) in radians, θ - the Bragg angle, k - the shape factor 
(typically 0.9), and λ = 1.5406A (Cu Kα1). The advantage of the 

Fig. 2. SEM image (a); EDS spectra (b); Element mapping (c, d, e, f) of Ga2O3:Eu ceramic.
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Williamson-Hall method lies in its ability to simultaneously evaluate 
both crystallite size (D) and microstrain (ε) in a material. This dual 
analysis provides a comprehensive understanding of peak broadening in 
XRD data, distinguishing between contributions from structural imper-
fections and intrinsic crystallite dimensions.

The time-resolved photoluminescence (PL) and emission spectra of 
Ga2O3:Eu were measured using a tunable pulsed solid-state laser (Ekspla 
NT342/3UV) for excitation. The emitted signal was detected by an 
Andor iStar DH734 CCD camera, connected to an Andor SR-303i-B 
spectrometer. Fluorescence detection was carried out with a spectrom-
eter equipped with a 1200 lines/mm diffraction grating, providing a 
resolution of 0.1 nm, and a CCD camera. Low-temperature measure-
ments were conducted using an Advanced Research Systems DE202 N 
cold finger Helium cryostat. Luminescence spectra at room temperature 
were measured using a CM2203 spectrofluorometer.

3. Results and discussion

Surface morphology and elemental analysis of the prepared samples 
were studied in detail. The image (Fig. 2a) obtained using scanning 
electron microscopy (SEM) shows the microstructure of synthesized 
gallium oxide ceramics doped with 2 % europium oxide. The surface of 
the ceramics exhibits an uneven structure, consisting of individual 
grains and inclusions, indicating the polycrystalline nature of the ma-
terial. The grain distribution appears uniform, but areas with increased 
density can be observed. The average grain size in the image is 
approximately 0.55 μm. The grain boundaries appear sharp, indicating a 
good level of crystallinity. The surface also exhibits characteristic 
“layered” structures. Several micropores and cracks are visible, which 
may result from intensive electron beam processing or insufficient sin-
tering density. Local defects, such as microcracks or grain boundary 
pores, can be observed. The presence of these layered and defective 
structures is associated with the synthesis process under the influence of 
high-energy electrons, which can create microcracks or internal stresses.

Based on the provided elemental composition data obtained through 
energy-dispersive spectroscopy (EDS) (Fig. 2b), an analysis of the gal-
lium oxide-based ceramics with the addition of 2-wt percent europium 
oxide was performed. The spectrum shows characteristic peaks for gal-
lium (Ga), oxygen (O), and europium (Eu), confirming the presence of 
these elements in the sample. The results of the elemental analysis and 
composition mapping are presented in Table 1. The atomic percentages 
indicate that europium occupies fewer atomic positions compared to 
oxygen and gallium, which is expected at this doping level. The element 
distribution maps show a uniform distribution of oxygen and gallium 
across the sample surface (Fig. 2c, d, e, f). Although europium is present 
in small amounts (2 wt percent of oxide), it is also uniformly distributed 
throughout the structure. Thus, the synthesized ceramics exhibit a ho-
mogeneous distribution of elements with the expected composition. 
Introducing europium at 2 wt percent ensures a uniform distribution of 
the dopant, which may positively affect the material’s luminescent and 
optical properties.

In stoichiometric gallium oxide (Ga2O3), the atomic ratio of Ga/O 
should be 2:3 ≈ 0.67. The actual ratio (0.72) is slightly higher than the 
stoichiometric ratio (0.67), indicating a deficiency of oxygen in the 
structure compared to the ideal Ga2O3 formula. This suggests a slight 

deviation from stoichiometry, leaning towards an excess of gallium or a 
deficit of oxygen. The deviation from stoichiometry observed in the 
composition of gallium oxide is most likely related to the specifics of the 
synthesis process in an air atmosphere. During high-energy electron 
beam irradiation in air, partial oxygen loss may occur, leading to the 
formation of oxygen vacancies or a reduction in oxygen content in the 
ceramics. This is a characteristic phenomenon for materials synthesized 
at high temperatures in an air environment, as oxides can interact with 
the atmosphere and lose oxygen. As a result, the material exhibits a 
slight oxygen deficiency, leading to a deviation from stoichiometry to-
wards an excess of gallium. Such a deviation may be linked to synthesis 
conditions, such as high-energy processing, which can lead to the for-
mation of oxygen vacancies or partial non-stoichiometry.

The X-ray diffraction (XRD) measurements were carried out to 
investigate the phase composition and crystalline structure of the syn-
thesized ceramics. The XRD pattern (Fig. 3) exhibited sharp, well- 
defined diffraction peaks corresponding to the monoclinic β-Ga2O3 
phase, identified with the space group C2/m. These distinct peaks are 
indicative of a highly crystalline material. The positions of the diffrac-
tion peaks, d-spacing values, full width at half maximum (FWHM), and 
the corresponding Miller indexes for the Ga2O3:Eu ceramics are sum-
marized in additional materials. The detailed analysis of the diffraction 
data revealed the following lattice parameters for the β-Ga2O3 phase: a 
= 12.2073 Å, b = 3.0352 Å, c = 5.7938 Å, β = 103.863◦. These pa-
rameters are in agreement with the known structural characteristics of 
the β-Ga2O3 phase. The unit cell volume was calculated to be 208.42 Å³, 
which further confirms the material’s consistency with standard 
β-Ga2O3 values. A critical aspect of the analysis was the evaluation of the 
crystallinity of the synthesized ceramics. The degree of crystallinity was 
determined to be 99.58 %, indicating that the material is almost entirely 
crystalline with negligible presence of amorphous phases. This high 
crystallinity reflects the exceptional structural order achieved in the 
ceramic synthesis.

The average crystallite size was estimated using the Williamson-Hall 
method to characterize the material further, yielding a value of 22.01 
nm, indicative of a nanocrystalline structure. Additionally, the lattice 
strain was calculated to be 0.21 %, suggesting minimal distortion within 
the crystal lattice and underscoring the high quality of the synthesized 
material. This low strain value implies that the material has undergone 
successful synthesis with minimal defects. The crystallite density was 
calculated to be 5.974 g/cm³, which aligns closely with standard values 
for β-Ga2O3, confirming the material’s phase purity and density con-
sistency. The results of the XRD analysis conclusively demonstrate the 
successful synthesis of β-Ga₂O₃ ceramics doped with 2 % europium oxide 

Table 1 
Results of EDS analysis.

Element Line As sintered Ga2O3 Ga2O3

Mass% Atom% Mass% Atom%

O K 23.45 ± 0.12 57.67 ± 0.30 25.68 60
Ga K 73.74 ± 0.45 41.61 ± 0.26 74.32 40
Eu L 2.81 ± 0.08 0.73 ± 0.02  
Total  100.00 100.00 100 100
Map_005_wholespect Fitting ratio 0.0843   Fig. 3. XRD pattern of Ga2O3:Eu ceramic.
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(Eu2O3). The presence of sharp diffraction peaks, the high degree of 
crystallinity, minimal lattice strain, and the formation of a nano-
crystalline structure collectively point to a high-quality material. 
Moreover, the uniform distribution of elements in the ceramics, as 
suggested by the XRD data, implies that the material is well-suited for 
further studies on its optical and luminescent properties, which will be 
discussed in the following sections.

3.1. Luminescence study

The luminescent properties of Ga2O3:Eu ceramics were investigated 
in both steady-state and time-resolved regimes across a wide tempera-
ture range (Fig. 4a–d). The broad emission band observed in the range 
from 300 to 550 nm (Fig. 4a), referred to as the “intrinsic” luminescence 
of gallium oxide (Ga2O3), exhibits a maximum at 440 nm. This emission 
is attributed to two main mechanisms: in the ultraviolet region 
(300–400 nm), transitions occur between the valence band and the 
conduction band (band-to-band transitions). In the 400–550 nm range, 
luminescence is associated with donor-acceptor transitions involving 
defect levels of oxygen and gallium, where oxygen vacancies act as 
donors and gallium and oxygen vacancies serve as acceptors.

The excitation spectrum (Fig. 4b) of this broad emission shows a 
maximum at 4.58 eV, which is close to the bandgap energy of Ga₂O₃, 
estimated to be between 4.5 and 5 eV, depending on the phase and 
origin of the material. In the spectral region from 550 to 800 nm 
(Fig. 4b), characteristic emission from europium ions (Eu³⁺) is observed. 
Several prominent transitions are identified, including those at 578 nm 
(⁵D₀→⁷F₁), 589 and 595 nm (⁵D₀→⁷F₁), 610 and 617 nm (⁵D₀→⁷F₂), 652 
and 660 nm (⁵D₀→⁷F₃), and 689, 695, 706, and 716 nm (⁵D₀→⁷F₄). These 
transitions, characteristic of Eu³⁺ ions, appear as narrow peaks, with the 

most intense transition at approximately 610 nm indicating a high 
luminescence yield and sensitivity to the local symmetry of the crystal 
field.

The excitation spectrum (Fig. 4с) for the 610 nm emission line clearly 
shows an intense peak at approximately 4.5 eV, which is associated with 
charge transfer (CT) between Eu³⁺ and O2⁻ ions. Additionally, intra-ion 
transitions of europium are observed in the 300–550 nm range, 
including 320–324 nm (⁷F₀ → ⁵H₄), 363.5 nm (⁷F₀ → ⁵D₄), 378 nm (⁷F₀ → 
⁵L₇), 383 nm (⁷F₀ → ⁵G₂), 388 and 396.5 nm (⁷F₀ → ⁵L₆), 409.5 and 418 
nm (⁷F₀ → ⁵D₃), 465.5 and 469.5 nm (⁷F₀ → ⁵D₂), and 529.0, 534, and 
540 nm (⁷F₁ → ⁵D₁). These transitions are typical for the excitation 
spectrum of Eu³⁺ and confirm the successful doping of Ga₂O₃ with 
europium ions. They also demonstrate the contribution of Eu³⁺ to the 
overall luminescence spectrum, particularly in the red region of the 
spectrum.

In Fig. 4d, the luminescence spectra of the material at temperatures 
of 6 K and 300 K under excitation at 260 nm are presented. The lumi-
nescence spectrum at 6 K shows high intensity in the wavelength region 
around 380–450 nm. This region corresponds to the “intrinsic” lumi-
nescence of the material, specifically to transitions related to the crystal 
matrix of gallium oxide. This luminescence is attributed to the intrinsic 
properties of the crystal lattice at low temperatures, allowing for larger 
transitions with minimal energy loss. At 6 K, the intrinsic luminescence 
dominates over the most intense europium emission at 595 nm by a 
factor of 3.64. At room temperature (300 K), the luminescence spectrum 
changes significantly. There is a considerable decrease in the intensity of 
the “intrinsic” luminescence of the material, particularly in the blue 
region of the spectrum, which is associated with thermal quenching. The 
high temperature enhances non-radiative transitions, reducing the 
quantum yield of the intrinsic luminescence of the matrix. In this case, 

Fig. 4. Excitation spectra of luminescence at 440 nm (a); Luminescence spectrum under 260 nm excitation (b); Excitation spectra at 610 nm (c); (d) Luminescence 
spectra at 6 K and 300 K of Ga₂O₃ ceramics.
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the europium emission line at 610 nm becomes more intense than the 
“intrinsic” luminescence, by a factor of 4.26.

The dominance of intrinsic luminescence at 6 K can be explained by 
minimal vibrational losses at low temperatures, allowing energy to be 
retained within the matrix, leading to more intense intrinsic emission. At 
higher temperatures (300 K), more efficient energy transfer occurs from 
the matrix to the europium active ions. This is due to an increased 
probability of vibrational interactions, which facilitates energy transfer 
to the europium centers. As a result, europium luminescence becomes 
more pronounced compared to the intrinsic luminescence of the mate-
rial. Reabsorption is also observed at wavelengths of 363.5 nm and 
396.5 nm, corresponding to the Eu3+ ⁷F₀ → ⁵D₄ and ⁷F₀ → ⁵L₆ transitions.

To investigate further the changes in luminescence, temperature- 
dependent luminescence measurements were conducted over a wide 
temperature range from 6 to 300 K (Fig. 5). To provide a comprehensive 
overview and illustrate the trends, the spectra are shown in a 3D rep-
resentation: temperature-dependent luminescence in the range of 
300–800 nm (Fig. 5a) and in the range of 570–630 nm (Fig. 5b).

Detailed trends and specific effects in each range are shown in Fig. 6.
Thermal quenching of the luminescence bands associated with defect 

centers is often evaluated using the following empirical formula, which 
takes into account the possible number of non-radiative energy levels 
that compete with the main radiative level [15]. 

I=
I0

1 +
∑

i
Bi exp

(

− Ei
kBT

) (1) 

Where I0 represents the photoluminescence (PL) intensity at very low 
temperature, Bi are constants, and Ei are the activation energies of non- 
radiative levels. The physical meaning of the constants Bi is not entirely 
clear and depends on the model used to understand the thermal 
quenching of PL in each specific case.

In the range of 300–550 nm at 6 K, the maximum at 385 nm shifts to 
410 nm at 300 K, while the full width at half maximum (FWHM) in-
creases from 0.7 eV to 0.97 eV (Fig. 5a). The temperature dependence of 
luminescence at the maximum of this band (in the insert of Fig. 6a) 
shows that the intensity forms a plateau up to 87 K, then linearly de-
creases with increasing temperature. The quenching activation energy 
parameters are B1 = 17.35, E1 = 45 meV, B2 = 29,083, E2 = 187 meV 
(Table 2).

The europium ion emission in the range of 550–800 nm is presented 
in Fig. 6b. The inset in Fig. 6b shows that at 253 K, the intrinsic lumi-
nescence and europium lines have the same intensity. Below 253 K, the 
intensity of intrinsic luminescence decreases and becomes comparable 
to the europium lines, then with increasing temperature, the intensity of 
the europium lines surpasses the intrinsic luminescence (Fig. 5b inset).

Next, the behavior of all other bands is considered in detail (Fig. 6c,d, 

e,f). The emission of the doublet (⁵D₀→⁷F₁) from 6 to 80 K slowly shifts 
from 592 to 591 nm and from 595 to 596 nm (Fig. 6c), with the line-
width at 6 K being broader, then decreasing with intensity up to 80 K, 
followed by an increase up to 130 K with maxima at 589 nm, a sharp 
decrease to 150 K, and then stabilization up to 300 K. The inset in Fig. 6d 
shows the same trend for lines at 591, 595, and 611 nm as in the 3D 
representation in Fig. 5b. For the doublet (Fig. 6d) at 610 and 617 nm 
(⁵D₀→⁷F₂), the position of the line at 6 K at 610 nm shifts to 611 nm, and 
the line at 617 nm only appears above 100 K, following the same trend as 
lines at 595, 596, and 611 nm. Practically all europium lines show the 
same trend with a peak at 130 K.

In the range of 640–800 nm (Fig. 6e), the emission at 706 nm 
(⁵D₀→⁷F₄) from europium is clearly visible. The other europium transi-
tion lines at 652, 661, and 717 nm are six times less intense compared to 
the line at 706 nm. The temperature dependence of the intensities for 
these wavelengths is presented in the insert of Fig. 6e. From the tem-
perature dependence of the intensity at 706 nm, the quenching activa-
tion parameters were found using equation (1): B1 = 4.46, E1 = 2.3 meV, 
B2 = 512, E2 = 73 meV (Table 2).

In the same range (Fig. 6f), a new type of emission in the structure of 
gallium oxide was found, with a maximum at 1.74 eV and ΔE = 0.25 eV. 
This emission forms a plateau up to 100 K and then completely quenches 
by 260 K, being entirely absent at room temperature. At three points 
where europium lines do not appear (673, 701, and 729 nm), the 
average parameters were determined as – B1 = 18.9, E1 = 49.8 meV, B2 
= 1671.7, E2 = 132 meV (Table 2). The nature of this emission is re-
ported in Ref. [16]: electron irradiation of the (100) plane in β-Ga₂O₃ 
crystals revealed a low-temperature photoluminescence (PL) spectrum 
within the 660–850 nm range; analysis based on crystal structure and 
formation energy simulations suggests that this PL band is associated 
with oxygen vacancies positioned at three equivalent lattice sites. 
Additionally, we hypothesize that electron irradiation during synthesis 
may generate new defects that contribute to emission in this spectral 
range. Future research will aim to thoroughly investigate this 
phenomenon.

3.2. Time-resolved luminescence

The time-resolved luminescence of Ga₂O₃ ceramics was investigated 
under pulsed laser excitation at a wavelength of 270 nm at room tem-
perature (300 K). This specific wavelength was chosen because it cor-
responds to the excitation maximum of both the “intrinsic” 
luminescence and the luminescence associated with the europium 
dopant, ensuring effective excitation of both emission centers. The 
measurements were conducted to understand the luminescence dy-
namics and energy transfer mechanisms in the material.

In Fig. 7a, the 3D representation of the temporal evolution of the 
“intrinsic” luminescence band, as well as the luminescence kinetics at 

Fig. 5. Temperature dependence of the luminescence of Ga₂O₃:Eu ceramics (a) in the 300–800 nm range, (b) in the 570–630 nm range under 260 nm excitation.
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388 nm, are shown. The luminescence decay kinetics (Fig. 7b) can be 
described by a sum of three exponential components, represented by the 
equation I = I0 +

∑3
1 Ii exp( − t /τi), where I0 represents the initial in-

tensity, Ii are the intensity components, and τi are the characteristic 
decay times. For the luminescence at 388 nm, the fitted decay times 
were found to be 103.85 ns (17.3 %), 364.72 ns (57.4 %), and 1.681 μs 
(25.3 %). These results indicate the presence of multiple decay path-
ways, possibly linked to various relaxation processes in the excited state, 
including contributions from intrinsic defects and europium-related 
levels.

Fig. 6. Temperature dependence of the luminescence of Ga2O3:Eu ceramics (a) in the 300–575 nm range with the temperature dependence of emission at 390 nm in 
the inset; (b) in the 550–800 nm range with the luminescence spectrum under 253 nm excitation in the inset; (c) in the 586–602 nm range; (d) in the 605–635 nm 
range with the emission dependence at 591, 595, and 610 nm in the inset; (e) in the 630–800 nm range with the emission dependence at 652, 661, 701, 706, and 717 
nm in the inset; (f) under 260 nm excitation.

Table 2 
Emission quenching parameters at different wavelength obtained by (1).

λem, nm B1 E1, meV B2 E2, meV

390 17.35 45 29,083 187
673 17.67 52.8 1134 128
701 17.41 47.6 1619 131
706 4.46 2.3 512 73
729 21.61 49 2262 137
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The dynamics of the europium emission lines are further illustrated 
in Fig. 7c, presenting a 3D visualization of the luminescence evolution 
across different wavelengths. Additionally, the decay kinetics of specific 
emission lines at wavelengths of 589, 595, 610, 617, 652, 660, 689, 695, 
706, and 716 nm are depicted in Fig. 7d. These wavelengths correspond 
to characteristic emissions from the europium ions, reflecting transitions 
between various energy levels of Eu³⁺.

The decay kinetics for these emission lines were well-fitted by a sum 
of two kinetic components, as shown in Fig. 7e. The average charac-
teristic decay times were determined to be 102 μs (12 %) and 1.78 ms 
(88 %). This suggests that there are two primary decay mechanisms 
governing the luminescence behavior of the europium ions: a faster 
decay component with a characteristic time of 102 μs and a slower 

component with a characteristic time of 1.78 ms. The dominance of the 
slower component at most wavelengths indicates that energy storage in 
the metastable states plays a significant role in the luminescence 
process.

However, at specific wavelengths, namely 689, 695, and 706 nm, the 
relative contributions of the decay components are noticeably different. 
At these wavelengths, the ratio of the faster (τ1) to the slower (τ2) 
component changes from the typical 12 % (τ1) and 88 % (τ2) to 
approximately 40 % (τ1) and 60 % (τ2). This shift suggests that the decay 
dynamics at these particular wavelengths involve a greater influence 
from the faster component, possibly due to differences in the local 
environment of the europium ions or energy transfer processes that are 
more efficient at these specific emission energies.

Fig. 7. 3D dynamics of the luminescence spectrum in the range of 300–550 nm (a); luminescence kinetics at 388 nm (b); 3D dynamics of the luminescence spectrum 
in the range of 530–800 nm (c); luminescence kinetics at 589, 595, 610, 617, 652, 660, 689, 695, 706, and 716 nm (d); characteristic decay times τ1 and τ2, and the 
corresponding light output contribution of these components Si/S% (Si = Ai × τi) (e) for Ga2O3:Eu ceramics under 300K excitation.
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4. Conclusion

This study demonstrated the successful synthesis of europium-doped 
Ga₂O₃ ceramics using the EBAS method. This method is distinguished by 
its high speed and efficiency, allowing the production of high-quality 
ceramic materials in just 60 s, significantly reducing production time 
compared to traditional synthesis methods.

The ceramics consist of tightly fused grains with an average size of 
about 0.5 μm. Structurally, the ceramics belong to the beta-phase of 
Ga₂O₃, characterized by a high degree of crystallinity and an almost 
complete absence of amorphous phases. The material exhibits a well- 
ordered structure with minimal crystalline strain.

A comprehensive luminescence study of Ga₂O₃:Eu ceramics covered 
the excitation spectra, intrinsic luminescence, and the main emission 
lines of europium ions, as well as their temperature dependence. The 
excitation spectra showed a strong band at 4.5 eV, corresponding to 
charge transfer between Eu³⁺ and O2⁻, while the main emission lines of 
europium appeared at 610 nm (⁵D₀ → ⁷F₂), with characteristic transitions 
in the 580–700 nm range. At low temperatures (6 K), the intrinsic 
luminescence of Ga₂O₃ dominates in the blue region of the spectrum 
(around 440 nm), but as the temperature increases to 300 K, its intensity 
decreases due to thermal quenching, whereas the luminescence of Eu³⁺ 
ions become more pronounced.

Luminescence kinetics studies revealed that the lifetime of intrinsic 
luminescence in Ga₂O₃ is 1.681 μs, while the lifetime for Eu³⁺ transitions 
is 1.78 ms, indicating the stability and duration of excited states in the 
material.

A new emission with an unknown origin was discovered at 1.74 eV, 
which is observed only at low temperatures and is completely quenched 
at temperatures above 260 K. This emission is likely related to new 
defects formed during the electron beam-assisted synthesis process and 
requires further investigation.

As noted above, electron irradiation can create new radiation point 
defects, which has been shown more than once in the case of halides and 
oxides [17–23]. As was also shown in the example of metal oxides, the 
same defects can be created by ion irradiation [24–35]. The situation 
with gallium oxide is more complex, which is also due to the small value 
of the band gap. Nevertheless, point defects are created and this will be 
reported in one of the subsequent articles.
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