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Exploration of β-Ga2O3 Ceramics Synthesized via Solid-State Method

β-Ga2O3 ceramic was synthesized using the solid-state method, a well-established technique for creating ce-

ramic materials with controlled composition and structure. The process began by pressing gallium oxide 

(Ga2O3) powder into a unified form, ensuring even distribution and compactness of the material. This pressed 

form was then subjected to annealing at 1400 °C for 10 hours, a critical step facilitating the formation of a 

stable and crystalline β-Ga O  phase. Energy dispersive X-ray analysis (EDS) was employed to investigate 

the elemental composition of the synthesized β-Ga2O3ceramic. The analysis confirmed that the material 

closely adhered to the ideal stoichiometric ratio of oxygen to gallium (O/Ga) at 3:2, ensuring the purity and 

consistency of the ceramic. The optical properties of the β-Ga2O3 ceramics were thoroughly studied. Surface 

morphology analysis and elemental composition measurements were complemented by the recording of pho-

toluminescence excitation and transmission spectra at successive wavelengths ranging from 200 to 800 nm. 

These spectra provided valuable insights into the material’s electronic and optical behavior. Both the synthe-

sized β-Ga2O3ceramic and commercial β-Ga2O3 crystals exhibited distinct photoluminescence peaks in the 

blue (~2.7 eV) and ultraviolet (3.3, 3.4, 3.8 eV) spectral ranges.

Keywords: synthesis, β-Ga2O3 ceramics, photoluminescence, annealing, stoichiometric ratios, morphology, 

elemental composition, point defects

Introduction 

Gallium oxide (Ga2O3) stands out due to its broad bandgap, significant breakdown electric field, and 

unmatched thermal and chemical robustness [1, 2]. These attributes position it as a premier material for high-

power electronic devices, UV LEDs, and gas sensors. Moreover, its resilience to radiation damage, bandgap,

and thermal stability hint at its potential in advanced scintillators and phosphors. Its luminescence is

enhanced through doping with rare-earth ions or other luminescent agents.

Ga2O3 encompasses five recognized phases: α, β, γ, δ, and ε [3, 4]. The β-phase garners the most atten-

tion, being the most stable and noted for its superb electrical and optical characteristics. Specifically, 

β-Ga2O3 possesses a vast bandgap of 4.9 eV [5] and an impressive breakdown field, approximately 8 MV/cm 

[6]. Such attributes hint at its capability to surpass silicon carbide (SiC) and gallium nitride (GaN) in power 

applications.

Notably, β-Ga2O3 has displayed commendable scintillation properties [7, 8]. It emerges as a prime can-

didate for several applications, with its broad bandgap reducing self-absorption, thus augmenting light out-

put. Its thermal fortitude and radiation resistance also make it apt for challenging settings. The enhanced 

photoelectric absorption and Compton scattering properties of β-Ga2O3, attributed to its high atomic number 

and density, amplify its scintillation efficacy. 

For bulk β-Ga2O3 crystal growth, a slew of techniques is available, including casting [9], EFG [10], 

Czochralski [11, 12], Bridgman [13], Pulsed laser deposition [14], and hydrothermal methods [15]. The EFG 

method is lauded for its prowess in yielding sizable, top-tier β-Ga2O3 crystals [16]. However, the final crys-

tal’s quality can vary based on temperature, extraction rate, and starting material. 

In terms of crafting ceramic Ga2O3, processes such as solid-state reactions [17], sol-gel techniques [18], 

and spark plasma sintering [19] can be harnessed. While these avenues facilitate various shapes and dimen-

sions, they sometimes fail to deliver the desired electronic crystallographic purity.

Adding to the methods above, novel research has spotlighted remarkable outcomes in manufacturing re-

fractory ceramics, especially magnesium fluoride (MgF2) and yttrium-aluminum-garnet (YAG) ceramics, 
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using a potent electron beam [20‒23]. Such breakthroughs have increased enthusiasm for honing this emer-

gent synthesis technique for refractory substances using an influential electron beam. 

Solid-phase synthesis offers significant advantages for producing oxide materials, including high-purity 

products, simplified purification, and enhanced reaction efficiency. This method is scalable, environmentally 

friendly, and allows for precise control over stoichiometry, crucial for creating complex oxides with specific 

properties. Direct combination of metal powders or oxides at high temperatures eliminates the need for sol-

vents, simplifying the synthesis process and reducing environmental impact. Solid-phase synthesis is versa-

tile and capable of producing a wide range of oxides — simple, mixed, and doped — by selecting appropri-

ate precursors and conditions. Its simplicity, scalability, and alignment with green chemistry principles make 

it an attractive choice for materials science research and industrial applications, ensuring phase-pure oxide 

materials are essential for catalysis, electronics, and materials science sectors. 

Experimental 

The synthesis of β-Ga2O3 ceramics was meticulously carried out employing a solid-state method, utiliz-

ing an initial β-Ga2O3 powder that boasted an exceptionally high purity level of 99.999 %. This high-purity 

powder was methodically pressed into tablets under a substantial pressure of 2 tons, achieving a uniform di-

ameter of 1 cm for each tablet. Figure 1 shows a pressed β-Ga2O3 ceramic. Subsequently, these compacted 

tablets were subjected to a rigorous annealing process within the confines of a high-temperature furnace. The 

annealing procedure was conducted for an extended duration of 10 hours, at a significantly high temperature 

of 1400 °C, ensuring the tablets were placed in an alundum crucible to withstand the high-temperature condi-

tions. Following the annealing phase, the ceramic segments were allowed to gradually return to ambient 

temperature, a crucial step to prevent thermal shock and ensure structural integrity. Once cooled, these seg-

ments were then meticulously segmented and subjected to a thorough analysis to assess their structural and 

compositional attributes. This careful and precise synthesis process is aimed at achieving optimal ceramic 

properties through controlled high-temperature treatment and subsequent detailed examination of the result-

ing ceramic segments. 

 

 

Figure 1. β-Ga2O3 ceramics 

The surface morphology of the crafted ceramic samples was inspected using a Hitachi TM3030 scan-

ning electron microscope, paired with a BrukerXFlash MIN SVE energy dispersive system (or energy-

dispersive spectroscopy, EDS), set at an acceleration voltage of 15 kV. This was integral for the composi-

tional analysis of β-Ga2O3. To further comprehend the ceramics’ electronic and optical characteristics, exci-

tation and PL emission spectra were logged in a wavelength span between 200 and 800 nm. These measure-

ments were conducted using a CM-2203 spectrofluorimeter at room temperature. For a more comprehensive 

interpretation, the data from these newly synthesized samples were juxtaposed with equivalent metrics ob-

tained from commercially available unintentional doped (UID) β-Ga2O3 crystals with a (–201) orientation, 

sourced from Tamura Corp., Japan.  
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Results and Discussion 

Luminescence spectra of sintered and commercial β-Ga2O3 ceramic 

Figure 2(a, b) showcases the photoluminescence spectra of both newly synthesized ceramics and com-

mercial crystals upon excitation at 4.9 eV. Through the application of Gaussian approximation, we were able 

to delineate three separate components within these spectra. These identified components are characterized 

by peaks that correspond to blue luminescence, observed at approximately 2.7 eV, and UV luminescence, 

noted at energy levels of 3.3, 3.4, and 3.8 eV, as illustrated in Figure 2(a). A comparative analysis of the 

spectra from both the synthesized ceramics and the commercial crystals reveals a striking similarity in their 

overall profiles. However, a discernible variation is observed in the luminescence peak of the synthesized 

ceramics, which manifests at a slightly diminished energy level, around 3 eV, as indicated in Figure 2(a). 

This downward shift in energy suggests the presence of structural distortions and defects within the crystal 

lattice of the synthesized ceramics. These structural anomalies are implicated in the modification of electron-

ic properties, thereby rendering them distinct from those observed in commercial crystals. The observed re-

duction in luminescence intensity can be attributed to two primary factors: a decrease in the levels of oxygen 

vacancies (VO) and the entrapment of electrons, which are essential for luminescence, by specific defect 

sites or traps within the crystal structure. 

 

 

Figure 2. β-Ga2O3 ceramics synthesized under a powerful electron beam 

Surface morphology and elemental composition 
The equipment utilized facilitated the examination of three-dimensional samples with shadow and vol-

ume contrast, achieving a resolution as precise as 30 nm. As depicted in Figure 3, the standard SEM images 

of the crafted β-Ga2O3 ceramic surfaces span an area of roughly 0.016 mm
2
 (a), and the magnified image of 

the powdered sample is 1000 times its original size (b). The derived ceramic exhibits a unified surface struc-

ture, signifying the total elimination of powder granules or other defects, culminating in a solidified phase. 

The primary gallium oxide powder comprises particles ranging from 1 to 15 µm, as shown in Figure 3b. 

The composition of the synthesized β-Ga2O3 ceramic is meticulously aligned with the ideal stoichio-

metric ratio of oxygen to gallium (O/Ga) of 3/2, a proportion that is critical for achieving desired material 

properties and is comprehensively documented in Table [24]. This precise compositional alignment mirrors 

the stoichiometric design principles established in prior studies of β-Ga2O3 nanowires [25, 26], underscoring 

the reproducibility and precision of the synthesis process. Notably, post-annealing treatments have been ob-

served to significantly alter the O/Ga ratio, leading to a notable reduction in gallium content alongside an 

increase in oxygen levels. This shift towards a higher oxygen content is attributable to the environmental ox-

ygen influx and the subsequent reduction in vacancy concentrations within the crystal lattice, a phenomenon 
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consistent with behaviors observed in other crystalline oxide systems [27‒38]. Such alterations in stoichiom-

etry highlight the dynamic nature of the material’s composition, influenced by thermal treatments. Moreover, 

the initial stoichiometry of the gallium oxide powder used in the synthesis process closely mirrors that of the 

annealed ceramic samples, indicating a high fidelity in the transference of stoichiometric ratios from the 

starting materials to the final ceramic product. This observation reinforces the importance of precise starting 

material composition for achieving the desired characteristics in the annealed ceramics. 

 

 

Figure 3. SEM images of synthesized ceramics and the initial Ga2O3 powder  

T a b l e  

Elemental analysis of the powder sample and synthesized β-Ga2O3 ceramics (in At. %) 

Atom Synthesized β-Ga2O3 Pristine powder β-Ga2O3 

Ga 33.2 33.4 

O 66.8 66.6 

O/Ga ratio 2.0 1.99 

 

Conclusions 

The spectral, surface morphology and elemental composition of β-Ga2O3 ceramics derived from a pow-

dered sample under the influence of a potent solid-state synthesis method have been investigated. These at-

tributes were further compared to the properties of commercial crystals utilized in solar-blind photodetector 

and scintillator manufacturing. The spectral characteristics of the created ceramics closely mirror those of 

commercial crystals. When excited in the primary absorption band, the variance in luminescence spectra be-

tween the crafted ceramics and commercial crystals can be attributed to lingering distortions and flaws. The-

se irregularities are notably diminished after further annealing. Post-annealing, UV luminescence remains a 

predominant component of the entire spectrum, but blue luminescence diminishes. This reduction is attribut-

ed to the partial annealing of oxygen vacancies and the trapping of luminescent electrons by specific sites. 

Moreover, the annealing process enhances the Ga/O ratio, giving it an edge over commercial crystals. 

The solid-state synthesis method paves the way for the more rapid and cost-efficient creation of 

β-Ga2O3 ceramics, negating the necessity for supplementary equipment or interventions. This method is an 

effective strategy for generating doped and pure refractory ceramics with elevated melting thresholds. 
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Қатты дене əдісімен синтезделген β-Ga2O3 керамикасын зерттеу 

β-Ga2O3 керамикалық құрамы мен құрылымы бақыланатын керамикалық материалдарды жасаудың 
жақсы қалыптасқан əдісі қатты күй əдісі арқылы синтездеу. Процесс материалдың біркелкі таралуы 
мен ықшамдылығын қамтамасыз ететін галий оксиді (Ga2O3) ұнтағын біртұтас пішінге престеу 
арқылы басталады. Содан кейін бұл престелген пішін 1400 °C температурада 10 сағат бойы жасытуға 
ұшырайды, бұл тұрақты жəне кристалды β-Ga2O3 фазасының түзілуін жеңілдететін маңызды қадам. 
Синтезделген β-Ga2O3 керамикасының элементтік құрамын зерттеу үшін энергетикалық 
дисперсиялық рентгендік талдау (EDS) қолданылды. Талдау материалдың керамиканың тазалығы мен 
консистенциясын қамтамасыз ете отырып, оттегі мен галлийдің (O/Ga) мінсіз стехиометриялық 
арақатынасына 3:2 сəйкес келетінін растады. β-Ga2O3 керамикасының оптикалық қасиеттері мұқият 
зерттелді. Беттік морфологияны талдау жəне элементтік құрамды өлшеу 200-ден 800 нм-ге дейінгі 
дəйекті толқын ұзындығында фотолюминесценцияның қозуы мен өткізу спектрлерін тіркеумен 
толықтырылды. Бұл спектрлер материалдың электрондық жəне оптикалық қасиеттері туралы құнды 
түсініктер береді. Синтезделген β-Ga2O3 керамикалық жəне коммерциялық β-Ga2O3 кристалдары көк 
(~2,7 эВ) жəне ультракүлгін (3,3, 3,4, 3,8 эВ) спектрлік диапазондарда фотолюминесценцияның айқын 
шыңдарын көрсетті. 

Кілт сөздер: синтез, β-Ga2O3 керамика, фотолюминесценция, күйдіру, стехиометриялық қатынас, 
морфология, элементтік құрам, нүктелік ақаулар 
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А. Бакыткызы, Ж.Т. Карипбаев, Я. Сучикова, A.Б. Усеинов,  

T.А. Кокетай, Н.К. Мусабек, A.И. Попов 

Исследование керамики β-Ga2O3, синтезированной твердотельным методом 

Керамика β-Ga2O3 была синтезирована с использованием твердотельного метода, хорошо зарекомен-
довавшего себя в создании керамических материалов с контролируемым составом и структурой. Про-
цесс начался с прессования порошка оксида галлия (Ga2O3) в единую форму, что обеспечило равно-
мерное распределение и компактность материала. Затем прессованная форма была подвергнута отжи-
гу при 1400  C в течение 10 часов, что является важным шагом, способствующим образованию ста-
бильной и кристаллической фазы β-Ga2O3. Для исследования элементного состава синтезированной 
керамики β-Ga2O3 был использован энергодисперсионный рентгеновский анализ (EDS), который под-
твердил, что материал близок к идеальному стехиометрическому соотношению кислорода к галлию 
(O/Ga) в 3:2, что обеспечивает чистоту и однородность керамики. Оптические свойства керамики β-

Ga2O3 были тщательно изучены. Анализ морфологии поверхности и измерения элементного состава 
были дополнены регистрацией спектров возбуждения и пропускания фотолюминесценции на после-
довательных длинах волн в диапазоне от 200 до 800 нм. Эти спектры предоставили ценную информа-
цию об электронных и оптических свойствах материала. Как синтезированная керамика β-Ga2O3, так и 
коммерческие кристаллы β-Ga O  показали отчетливые пики фотолюминесценции в синем (~2,7 эВ) и 
ультрафиолетовом (3,3, 3,4, 3,8 эВ) спектральных диапазонах.  

Ключевые слова: синтез, керамика β-Ga2O3, фотолюминесценция, отжиг, стехиометрические соотно-
шения, морфология, элементный состав, точечные дефекты 
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