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Abstract

:

Undoped and Mg2+-doped β-Ga2O3-20% In2O3 solid solution microcrystalline samples were synthesized using the high-temperature solid-state chemical reaction method to investigate the influence of native defects on structural, luminescent, and electrical properties. The synthesis process involved varying the oxygen partial pressure by synthesizing samples in either an oxygen or argon atmosphere. X-ray diffraction (XRD) analysis confirmed the monoclinic structure of the samples with the lattice parameters and unit cell volume fitting well to the general trends of the (Ga1−xInx)2O3 solid solution series. Broad emission spectra ranging from 1.5 to 3.5 eV were registered for all samples. Luminescence spectra showed violet, blue, and green emission elementary bands. The luminescence intensity was found to vary depending on the synthesis atmosphere. An argon synthesis atmosphere leads to increasing violet luminescence and decreasing green luminescence. Intense bands at about 4.5 and 5.0 eV and a low-intensity band at 3.3 eV are presented in the excitation spectra. The electrical conductivity of the samples was also determined depending on the synthesis atmosphere. The high-resistance samples obtained in an oxygen atmosphere exhibited activation energy of around 0.98 eV. Samples synthesized in an argon atmosphere demonstrated several orders of magnitude higher conductivity with an activation energy of 0.15 eV. The results suggest that the synthesis atmosphere is crucial in determining the luminescent and electrical properties of undoped β-Ga2O3-In2O3 solid solution samples, offering the potential for various optoelectronic applications.
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1. Introduction


In recent years, there has been a growing interest in exploring novel semiconductor materials that possess improved properties and expand the potential of application in various technological and scientific areas. Among these materials, a monoclinic gallium oxide (β-Ga2O3) has attracted significant attention due to its unique physics and technical characteristics. Gallium oxide is a well-known wide-bandgap semiconductor with remarkable structural, electronic, optical, luminescent, and thermal properties, making it attractive for applications in power electronics, optoelectronics, solar applications, sensor technologies, etc. [1,2,3,4,5,6]. It exhibits several structural polymorphs including the corundum-like (α), monoclinic (β), defective spinel (γ), and two variations of orthorhombic structure (ε and δ) [7]. Among these, the monoclinic phase (β-Ga2O3) stands out as the most common, being both the most stable and the easiest to obtain under ambient conditions [8,9,10,11,12].



Solid solutions of monoclinic gallium oxide with aluminum or indium oxide is a well-known approach for tuning the physical properties of β-Ga2O3 over a wide range [13,14,15,16]. This tuning is achieved primarily by modifying the crystal structure and electronic band structure of the material (see [11,13,17] and references therein). Several recent studies confirm the high effectiveness of this approach for the enhancement of functional properties of β-Ga2O3-based semiconductor devices [18,19,20,21].



Solid solutions based on gallium oxide exhibit good optical properties, including high transparency in the visible and ultraviolet spectral regions. The unique combination of luminescent and electrical properties in β-Ga2O3-In2O3 solid solutions opens new possibilities for energy-efficient lighting. The transparency and tunable wide bandgap make them potential candidates for optoelectronic devices, such as photodetectors and light-emitting diodes (LEDs) [4,6]. The surface properties of these solid solutions can be adapted to enhance their sensitivity for gas molecules, enabling the development of selective and sensitive gas sensors [3].



As it is known, doping of β-Ga2O3 gallium oxide with a divalent Mg impurity makes it possible to obtain a high-resistance material [1,22], which is necessary for the manufacture of power diodes and transistors based on Schottky barriers. At the same time, the ability to change the band gap when forming β-Ga2O3-In2O3 solid solutions opens up additional opportunities for creating heterostructures based on these wide-gap semiconductor materials. However, the influence of the divalent Mg impurity on the electrical, optical, and luminescent properties of the β-Ga2O3-In2O3 solid solution has not yet been studied.



The technological conditions of the production of gallium oxide and their solid solutions, in particular the atmosphere of synthesis, have a decisive influence on the formation of intrinsic point defects in the material and in such a way have a strong impact on their physical properties. Therefore, this study aims to investigate in detail the crystal structure, photoluminescent properties and electrical conductivity of the β-(Ga1−xInx)2O3 solid solutions synthesized under oxygen or an inert gas (argon) atmosphere. The study was performed both for nominally pure and Mg2+-doped β-(Ga1−xInx)2O3 solid solutions synthesized under different gas atmospheres. This approach allowed for a comprehensive analysis of how the synthesis atmosphere affects the material properties.




2. Experimental Details


Polycrystalline undoped β-(Ga1−xInx)2O3 solid solution was obtained using the high-temperature solid-state chemical reaction method. The starting materials for this synthesis were gallium oxide (β-Ga2O3) and indium oxide (In2O3) with a minimum purity grade of 4N. The initial mixture of solid solution components contained 20% indium oxide (β-(Ga0.8In0.2)2O3). Some β-(Ga0.8In0.2)2O3 samples were synthesized in a pure oxygen atmosphere at approximately 1 atm pressure, while others were synthesized under low oxygen partial pressure (~0.01 atm) conditions using an inert argon gas atmosphere.



The oxide powder mixture was initially mechanically blended in an agate mortar until a homogeneous mass was achieved. The synthesis samples were obtained as flat tablets with a diameter of 8 mm and a thickness of 1 mm through mechanical pressing. Subsequently, the tablets were wrapped in platinum foil and placed in quartz ampoules. These ampoules and the samples were placed inside an electric furnace and synthesized at 1300 °C for 12 h. Before the synthesis process, the air was removed from the ampoule, and the volume was filled with the appropriate gas by connecting a cylinder with oxygen or argon. Undoped β-(Ga0.8In0.2)2O3 ceramic samples synthesized in an oxygen atmosphere exhibited a white color, while those synthesized in an argon atmosphere were of a bluish color.



XRD studies were performed to analyze the structure of the synthesized solid solution samples. The materials were characterized using an Aeris benchtop powder diffractometer (Malvern Panalytical, Worcestershire, UK) equipped with a PIXcel1D strip detector. Experimental diffraction data were collected within a 2θ range of 10 to 105 degrees, with a 2θ step of 0.01°, using filtered Cu Kα radiation (λ = 1.54185 Å). To determine the precise values of the structural parameters, the experimental XRD patterns were subjected to full-profile Rietveld refinement using the WinCSD software package with Version 4.19 [23]. This refinement procedure involved refining the unit cell dimensions, positional and displacement parameters of atoms, profile parameters, texture and corrections for absorption and instrumental sample shift. Occupancies of atomic sites were refined in a soft mode during the final refinement stage.



The photoluminescence (PL) and photoluminescence excitation (PLE) spectra were studied at room temperature using a Solar CM2203 spectrofluorometer. A Hamamatsu R928 type photomultiplier with a spectral resolution of 1 nm was used to record the spectra. The PL spectra were corrected for a spectral response of the system. The PLE spectra were corrected for the xenon lamp emission spectrum.



The electrical conductivity of the studied polycrystalline samples was determined using the conventional two-probe method. Indium contacts were applied to the tablet samples on both (front and back) surfaces. Current–voltage characteristics measurements indicated that indium formed reliable ohmic contacts with high-resistance samples. The currents measured by an electrometer ranged from 10−3 to 10−14 A.




3. Results


3.1. Phase Composition and Crystal Structure Parameters


XRD examination revealed that as-obtained samples with nominal composition (Ga0.8In0.2)2O3 adopt a monoclinic structure isotypic with β-Ga2O3. No traces of impurity phase(s) were detected in the samples, being further proved by full profile Rietveld refinement performed in space group C2/m. As a starting model, the atomic coordinates in β-Ga2O3 structure derived from X-ray single crystal data [24] and standardized according to Pearson’s Crystal Data were used. Graphical results of Rietveld refinement presented in Figure 1 demonstrate an excellent agreement between experimental and calculated XRD patterns for the materials annealed either in oxygen or argon atmospheres. Refined values of the lattice parameters, fractional coordinates of atoms and their displacement parameters are collected in Table 1. It was found that the indium atoms in the (Ga1−xInx)2O3 structure substitute for Ga2 atoms in octahedral positions, whereas the tetrahedral Ga1 sites are occupied solely with Ga species (see Table 1). For the first time, a supposition that In resides on the octahedral sites of β-Ga2O3 structure was made in the pioneering work of Shannon and Prewitt more than 55 years ago [25]. Later on, it was validated by perturbed angular correlation measurements [26] and confirmed by an analysis of XRD data [27,28]. Finally, the exclusive preference of In3+ ions for octahedral sites was recently proved by comprehensive structural investigations of (Ga1−xInx)2O3 powders doped with Cr3+ [29] and co-doped with Cr3+/Ca2+ ions [17].



From the refined site occupancies, the composition of the samples annealed in O2 and Ar atmospheres can be calculated as Ga1.625In0.375O3 (Ga0.813In0.187)2O3 and Ga1.645In0.355O3 (Ga0.823In0.177)2O3, respectively, which are close to the nominal starting formulae (Ga0.8In0.2)2O3. Similar sample composition can be evaluated by comparing their unit cell dimensions with the literature data for β-(Ga1−xInx)2O3 solid solution series, from which the In content (x) in the samples under present investigation can be estimated as 0.18 (Figure 2).



Comparative analysis of the refined structural data shows that the lattice parameters and unit cell volume of the sample synthesized in the argon atmosphere are detectably higher than those of the oxygen-treated sample. In addition, a detectable difference in the displacement parameters (Biso) of oxygen atoms in both structures is observed (see Table 1). Both these observations point to the change in the defect structure and the creation of extra oxygen vacancies after heat treatment of the material in the Ar atmosphere.



Based on the refined values of the lattice parameters and atomic coordinates, the nearest interatomic distances in the (Ga1−xInx)2O3 samples annealed in O2 and Ar atmospheres were calculated (see Table 2). The average metal–oxygen distances inside (Ga/In)O6 octahedra in both (Ga1−xInx)2O3 structures are considerably higher compared with corresponding values for the parent β-Ga2O3 structure, whereas the average distances inside GaO4 tetrahedra remains practically unchanged. This observation additionally proves our conclusion on the substitution of In ions solely in octahedral positions of β-Ga2O3 structure.




3.2. Photoluminescent Properties


Luminescence spectra obtained for β-(Ga0.8In0.2)2O3 ceramic samples when excited by the UV light at 260 nm near the fundamental absorption edge are shown in Figure 3. When synthesized in an oxygen atmosphere (Figure 3a), the photoluminescence exhibited a broad spectrum from 1.5 to 3.5 eV, with the emission maximum around 2.63 eV. This complex luminescence spectrum can be deconvoluted into elementary Gaussian peaks, with maxima in the violet (3.08 eV), blue (2.74 eV), and green (2.47 eV) spectral regions. Each elementary luminescence band has a full width at half maximum (FWHM) of approximately 0.4 eV. Notably, the blue and green luminescence bands were the most prominent in ceramics syntheses in oxygen.



In the case of the ceramics synthesized in an argon atmosphere (Figure 3b), a decrease in the overall luminescence intensity was observed, along with a shift of the emission maximum (~2.9 eV) towards shorter wavelengths. Consequently, reducing the oxygen partial pressure in the synthesis atmosphere leads to an increased intensity of the short-wavelength violet luminescence band and a decreased intensity of the green luminescence band.



Doping with Mg2+ (Figure 4) decreased the integrated luminous intensity by approximately two times compared to undoped ceramics. The luminescence maximum for β-(Ga0.8In0.2)2O3:Mg samples synthesized in an oxygen atmosphere is about 2.67 eV. The broad emission band of the β-(Ga0.8In0.2)2O3:Mg ceramic was also decomposed into the same elementary Gaussian curves. The β-(Ga0.8In0.2)2O3:Mg ceramic synthesized in argon (Figure 4b) has a maximum emission at 2.7 eV (459 nm). Synthesis in an argon atmosphere also increased the relative intensity of the blue and violet luminescence bands.



Based on the PL spectra for the two types of synthesized materials, the CIE 1931 chromaticity coordinates were estimated (see Figure 5). These coordinates are typically plotted relative to the CIE standard illuminant D65 (natural white daylight), which has coordinates (xi = 0.3127, yi = 0.3290) that allow for calculating the color purity (CP).



For β-(Ga0.8In0.2)2O3 solid solution samples synthesized in oxygen, the chromaticity coordinates were x = 0.1761 and y = 0.2241, which might appear bluish-green or turquoise. The dominant wavelength coordinates for this sample were xd = 0.0846 and yd = 0.1537, corresponding to the wavelength 482 nm. On the other hand, for samples synthesized in an argon atmosphere, the chromaticity coordinates were x = 0.1639 and y = 0.1214, placing the color at a different point, which appears as a saturated blue. Also, the dominant wavelength coordinates for this sample were xd = 0.1223 and yd = 0.0625, pointing at 470 nm (Figure 5a). For samples of a solid solution doped with Mg2+ ions synthesized in oxygen, the color coordinates were x = 0.085 and y = 0.154, and for samples synthesized in an argon atmosphere, x = 0.096 and y = 0.122. The dominant coordinates of wavelengths for these samples corresponded to emission wavelengths of 483 and 476 nm, respectively (Figure 5b).



The CP calculation, which indicates the color saturation or intensity relative to the specified standard illuminant (xi, yi) and dominant wavelength coordinates (xd, yd), was established for both samples. As follows, the CP for the sample β-(Ga0.8In0.2)2O3 synthesized in an argon atmosphere was relatively high, near 76.6%, while, for the sample synthesized in oxygen, CP was estimated as 59.2%. The CP for the β-(Ga0.8In0.2)2O3:Mg sample was slightly lower and amounted to 60.86% and 55.07% for the samples synthesized in argon and oxygen atmospheres, respectively.



The typical PLE spectra for β-(Ga0.8In0.2)2O3 and β-(Ga0.8In0.2)2O3:Mg solid solutions synthesized either in oxygen or argon atmospheres are shown in Figure 6. These spectra are similar in the energy range of 3.0–5.5 eV due to the overlap of the elementary luminescence bands. Moreover, the excitation spectra of all elementary emission bands reach their maximum intensity at energies near ~4.5 eV for β-(Ga0.8In0.2)2O3.



The excitation spectra overlap with the material’s fundamental absorption region of 4.7–5.5 eV and the transparency region of 2.7–4.5 eV. The low-intensity band at 3.3 eV, located in the transparency region of the material, has an excitation intensity of approximately 0.1 from the maximum intensity. It should be noted that these broad luminescence excitation bands correlate with the positions of the fundamental absorption edge and photoconductivity maxima in β-(Ga0.8In0.2)2O3 solid solution single crystals [27]. For β-(Ga0.8In0.2)2O3 solid solution samples synthesized in an argon atmosphere (Figure 5), a slight increase in the relative intensity of the excitation bands at about 3.3 and above 4.5 eV was observed.



For the β-(Ga0.8In0.2)2O3:Mg samples synthesized in an oxygen atmosphere (Figure 6b), a stronger change in the shape of the luminescence excitation spectrum is observed. The maximum of the luminescence excitation curve is in the longer wavelength region of the spectrum. The displacement of the maximum of the integral excitation curve occurred due to a substantial increase in the intensity of the 4.2 eV band, which becomes the main luminescence excitation band.




3.3. Electrical Conductivity


Figure 7 shows the temperature dependence of the electrical conductivity of undoped and Mg-doped β-(Ga0.8In0.2)2O3 solid solution samples. The electrical conductivity of UID and Mg-doped β-(Ga0.8In0.2)2O3 ceramics, which were synthesized in an oxygen atmosphere, was relatively low at 295 K. It varied in the range from ~1.2∙10−13 Ohm−1∙cm−1 for samples doped with Mg2+ to 5∙10−12 Ohm−1∙cm−1 for UID samples. The activation energy of electrical conductivity in such high-resistance samples was significant and was in the energy range of 1.04–1.06 eV.



At the same time, for β-(Ga0.8In0.2)2O3 ceramics samples that were synthesized in an argon atmosphere, the conductivity was much higher and varied greatly depending on the doping impurity from ~1.3 × 10−10 Ohm−1∙cm−1 for samples doped with Mg2+ to ~1.1 × 10−5 Ohm−1∙cm−1 for UID samples. The activation energy of electrical conductivity in such samples was 0.15 and 0.68 eV for UID and Mg-doped β-(Ga0.8In0.2)2O3 samples. Note that in all cases, the electrical conductivity of β-(Ga0.8In0.2)2O3 samples synthesized in an argon atmosphere was higher than that of samples synthesized in an oxygen atmosphere.





4. Discussion


The luminescence spectra of polycrystalline samples of β-(Ga0.8In0.2)2O3 (shown in Figure 3) resemble the luminescence of pure gallium oxide reported elsewhere [34,35,36,37,38,39]. Doping with divalent Mg2+ metals did not lead to significant changes in the form of the luminescence spectrum. Results of the present work suggest that relative intensities of the elementary luminescence bands are considerably redistributed depending on the synthesis atmosphere applied. When synthesized in an oxygen atmosphere, the relative intensity of long-wave luminescence increases. Conversely, synthesis in an atmosphere of inert argon gas increases the intensity of short-wavelength luminescence bands.



The luminescence of β-(Ga0.8In0.2)2O3 solid solutions can be explained using the models of luminescence centers proposed previously for gallium oxide [34,35,36,37,38,39]. In particular, the violet, blue, and green luminescence occurs due to the radiative recombination of carriers through DAP (donor–acceptor pairs). However, the elementary luminescence bands in β-(Ga0.8In0.2)2O3 are shifted towards longer wavelengths with respect to β-Ga2O3, which is consistent with a decrease in the bandgap of β-Ga2O3 when alloyed with In2O3. Like gallium oxide, β-(Ga0.8In0.2)2O3 contains background donor impurities (e.g., Si4+, Ge4+, Sn4+) at a relatively high concentration of around 2–10 ppm. Shallow donors, such as background impurities of tetravalent metals, interstitial gallium (Gai), or deep donors, such as oxygen vacancies with two trapped electrons (VO2+ + 2e), can act as donor components of DAP. The acceptor component of DAP consists of native acceptor-type defects, such as gallium vacancies (VGa3−) and bi-vacancies (VGa3−-VO2+) [40,41]. The β-(Ga0.8In0.2)2O3 contains both shallow and deep donors, allowing the DAP luminescence bands to appear in a wide range of wavelengths from 350 to 500 nm. For example, by the authors [34], the blue luminescence band has been related to the transitions between deep donors such as oxygen vacancies (VO) or interstitial Ga (Gai) and deep acceptors such as Ga vacancies (VGa) or VO-VGa complexes. Violet luminescence in β-(Ga0.8In0.2)2O3 can also occur by recombining electrons with self-trapped holes or holes localized on defects [42]. Further studies with a controlled change in the concentration of defects that form the donor and acceptor levels are required for an unambiguous correlation of emission bands with host point defects and impurities.



During synthesis in an oxygen atmosphere, the high partial pressure of oxygen increases the energy required to form oxygen vacancies, decreasing their concentration in such a way. A low partial pressure of oxygen, vice versa, reduces the energy needed to form oxygen vacancies and increases the energy required to create gallium vacancies. Therefore, oxygen vacancies become the dominant defects in the ceramics synthesized in the argon atmosphere. As it was shown above, β-(Ga0.8In0.2)2O3 has a monoclinic structure similar to β-Ga2O3, where 40% of gallium atoms in octahedral coordination are replaced by indium atoms (see also Refs. [17,25]). Therefore, similar energy dependencies for forming intrinsic defects should be observed in both β-Ga2O3 and β-(Ga0.8In0.2)2O3.



The low conductivity of β-(Ga0.8In0.2)2O3 samples synthesized in an oxygen atmosphere suggests that the total concentration of compensating acceptors is comparable to that of donors. The raw material specification indicates a lower concentration of background impurity of acceptors than donors. Consequently, samples synthesized in an oxygen atmosphere have more native acceptors such as gallium vacancies or bi-vacancies, and their concentration is consistently higher in samples synthesized in oxygen than in those synthesized in argon.



The acceptors generate energy levels near the top of the valence band, and transitions from electron-filled acceptor levels to the conduction band give rise to excitation bands. The excitation band around 4.5 eV may be associated with electronic transitions from native acceptor defect levels to the conduction band. All undoped solid solution samples exhibit an excitation band with a peak near 3.3 eV. This band can be attributed to defects that form during synthesis in an argon atmosphere with a low partial pressure of oxygen, such as oxygen vacancies. Specifically, it may arise when an electron is excited from an oxygen vacancy to the conduction zone. However, further research is required to confirm this hypothesis.



Divalent Mg2+ ions replace Ga3+ ions in the crystal lattice. When doping with Mg2+ impurities, a sufficiently high concentration of positively charged oxygen vacancies VO2+ is also formed to ensure the electrical neutrality of the material. A high concentration of VO2+, in turn, leads to an increase in the probability of the formation of divacancies. The Mg2+ ions create acceptor levels near the top of the valence band. Transitions of electrons from the energy levels of compensating acceptors to the conduction zone are manifested in the excitation bands. The β-(Ga0.8In0.2)2O3:Mg2+ samples synthesized in an oxygen atmosphere always had very high resistance. In such samples, the concentration of intrinsic and impurity background donors (Si4+, Sn4+, etc.) is negligible. Therefore, only a part of the acceptors participates in the compensation, while band–band transitions dominate the excitation spectrum.



The β-(Ga0.8In0.2)2O3:Mg2+ samples synthesized at low oxygen pressure have a conductivity of ~10−10 Ohm−1∙cm−1. The concentration of impurity Mg2+ acceptors is high and exceeds the concentration of intrinsic acceptors (VGa3− or VGa3−-VO2+); therefore, the conductivity increased primarily due to additional donors formed during synthesis under conditions of low oxygen partial pressure. Since the donor concentration increased, more acceptors can capture electrons. Since the concentration of the Mg2+ dopant is higher than the concentration of its native acceptor defects, such as VGa3− or VGa3−-VO2+, the intensity of the impurity excitation band is also higher. Transitions of electrons from Mg2+ acceptor levels to the conduction band appear as an intense dominant excitation band located in the transparency region before the fundamental absorption edge at energies of 4.2 eV (295 nm) for β-(Ga0.8In0.2)2O3:Mg.




5. Conclusions


The synthesis of undoped and Mg2+-doped β-(Ga1−xInx)2O3 solid solutions (x = 0.2) in different atmospheres allowed us to investigate the effect of the oxygen partial pressure on native point defects responsible for the material’s properties. The XRD analysis confirmed the desired monoclinic structure of the samples without any impurity phases. It was revealed that In atoms in the (Ga1−xInx)2O3 structure substitute for Ga2 atoms in octahedral positions, whereas the tetrahedral Ga1 sites are occupied solely with Ga species. Moreover, the XRD data suggest the creation of extra oxygen vacancies in the material synthesized in the argon atmosphere.



The luminescence spectra of the materials synthesized either in an oxygen or argon atmosphere exhibited the same broad emission bands in the violet, blue, and green regions; however, their relative intensities were revealed to be quite different. In particular, the synthesis in an oxygen atmosphere led to enhanced long-wavelength luminescence and lower electrical conductivity, likely due to decreased oxygen vacancies and increased gallium vacancies. In contrast, synthesis in an argon atmosphere increased short-wavelength luminescence and electrical conductivity, suggesting a higher concentration of oxygen vacancies. The observed luminescence behavior in the studied β-(Ga0.8In0.2)2O3 solid solutions can be explained by the radiative recombination of carriers through the donor-acceptor pairs (DAP) like in pristine β-Ga2O3. The conductivity of samples synthesized in an argon atmosphere is six orders of magnitude higher than those synthesized in an oxygen atmosphere. The main excitation band at about 5.0 eV also confirms the involvement of interband transitions in the luminescent behaviour of the materials.



This study highlights the importance of controlling the synthesis atmosphere when fabricating β-Ga2O3-based solid solutions. The results provide valuable information about the relationship between native defects, luminescent properties, and electrical conductivity, which are crucial for understanding the optoelectronic behavior of these materials. The relatively high color purity of the β-(Ga0.8In0.2)2O3 samples synthesized in an argon atmosphere, together with their high conductivity and intense luminescence, indicate that these materials are promising for use as blue light sources.







Author Contributions


Methodology, V.V.; validation, V.V. and Y.Z.; investigation, A.L., M.K., V.H. and D.S.; data curation, A.L., V.V., M.K., V.H., D.S. and L.V.; writing—original draft, A.L. and L.V.; writing—review and editing, V.V. and Y.Z.; visualization, M.K., V.H., D.S. and L.V.; supervision, Y.Z. All authors have read and agreed to the published version of the manuscript.




Funding


The work was supported by the Ministry of Education and Science of Ukraine (project no. 0122U001702) and by the Polish National Science Centre (project no. 2018/31/B/ST8/00774).




Institutional Review Board Statement


Not applicable.




Data Availability Statement


The data of this study are available on request to the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Pearton, S.J.; Yang, J.; Cary, P.H.; Ren, F.; Kim, J.; Tadjer, M.J.; Mastro, M.A. A review of Ga2O3 materials, processing, and devices. Appl. Phys. Rev. 2018, 5, 011301. [Google Scholar] [CrossRef]

	



Mastro, M.A.; Kuramata, A.; Calkins, J.; Kim, J.; Ren, F.; Pearton, S.J. Perspective—Opportunities and future directions for Ga2O3. ECS J. Solid State Sci. Technol. 2017, 6, 356–359. [Google Scholar] [CrossRef]

	



Zhu, J.; Xu, Z.; Ha, S.; Li, D.; Zhang, K.; Zhang, H.; Feng, J. Gallium oxide for gas sensor applications: A comprehensive review. Materials 2022, 15, 7339. [Google Scholar] [CrossRef] [PubMed]

	



Guo, D.; Guo, Q.; Chen, Z.; Wu, Z.; Li, P.; Tang, W.J. Review of Ga2O3-based optoelectronic devices. Mater. Today Phys. 2019, 11, 100157. [Google Scholar] [CrossRef]

	



Chi, Z.; Asher, J.J.; Jennings, M.R.; Chikoidze, E.; Pérez-Tomás, A. Ga2O3 and related ultra-wide bandgap power semiconductor oxides: New energy electronics solutions for CO2 emission mitigation. Materials 2022, 15, 1164. [Google Scholar] [CrossRef]

	



Miyata, T.; Nakatani, T.; Minami, T. Gallium oxide as host material for multicolor emitting phosphors. J. Lumin. 2000, 87, 1183–1185. [Google Scholar] [CrossRef]

	



Roy, R.; Hill, V.G.; Osborn, E.F. Polymorphism of Ga2O3 and the System Ga2O3−H2O. J. Am. Chem. Soc. 1952, 74, 719–722. [Google Scholar] [CrossRef]

	



Geller, S. Crystal Structure of β-Ga2O3. J. Chem. Phys. 1960, 33, 676–684. [Google Scholar] [CrossRef]

	



Villora, E.G.; Shimamura, K.; Yoshikawa, Y.; Aoki, K.; Ichinose, N. Large-size β-Ga2O3 single crystals and wafers. J. Cryst. Growth 2004, 270, 420–426. [Google Scholar] [CrossRef]

	



Yusa, H.; Tsuchiya, T.; Sata, N.; Ohishi, Y. Rh2O3 (II)-type structures in Ga2O3 and In2O3 under high pressure: Experiment and theory. Phys. Rev. B 2008, 77, 064107. [Google Scholar] [CrossRef]

	



von Wenckstern, H. Properties of (In,Ga)2O3 Alloys. In Gallium Oxide: Technol. Devices Applications; Elsevier: Amsterdam, The Netherlands, 2019; pp. 119–148. [Google Scholar] [CrossRef]

	



Galazka, Z.; Ganschow, S.; Fiedler, A.; Bertram, R.; Klimm, D.; Irmscher, K.; Schewski, R.; Pietsch, M.; Albrecht, M.; Bickermann, M. Doping of Czochralski-grown bulk β-Ga2O3 single crystals with Cr, Ce and Al. J. Cryst. Growth 2018, 486, 82–90. [Google Scholar] [CrossRef]

	



Swallow, J.E.; Palgrave, R.G.; Murgatroyd, P.A.; Regoutz, A.; Lorenz, M.; Hassa, A.; Grundmann, M.; von Wenckstern, H.; Varley, J.B.; Veal, T.D. Indium gallium oxide alloys: Electronic structure, optical gap, surface space charge, and chemical trends within common-cation semiconductors. ACS Appl. Mater. Interfaces 2021, 13, 2807–2819. [Google Scholar] [CrossRef] [PubMed]

	



Zhydachevskyy, Y.; Mykhaylyk, V.; Stasiv, V.; Bulyk, L.I.; Hreb, V.; Lutsyuk, I.; Luchechko, A.; Hayama, S.; Vasylechko, L.; Suchocki, A. Chemical Tuning, Pressure, and Temperature Behavior of Mn4+ Photoluminescence in Ga2O3–Al2O3 Alloys. Inorg. Chem. 2022, 61, 18135–18146. [Google Scholar] [CrossRef] [PubMed]

	



Vasil’tsiv, V.I.; Zakharko, Y.M.; Rym, Y.I. UV excitation bands and thermoluminescence of (Ga1−xInx)2O3 solid solutions. J. Appl. Spectrosc. 1993, 58, 289–292. [Google Scholar] [CrossRef]

	



Galazka, Z.; Fiedler, A.; Popp, A.; Ganschow, S.; Kwasniewski, A.; Seyidov, P.; Pietsch, M.; Dittmar, A.; Anooz, S.B.; Irmscher, K.; et al. Bulk single crystals and physical properties of β-(AlxGa1−x)2O3 (x = 0–0.35) grown by the Czochralski method. J. Appl. Phys. 2023, 133, 035702. [Google Scholar] [CrossRef]

	



Stasiv, V.; Zhydachevskyy, Y.; Stadnik, V.; Hreb, V.; Mykhaylyk, V.; Vasylechko, L.; Luchechko, A.; Wojciechowski, T.; Sybilski, P.; Suchocki, A. Chemical tuning of photo- and persistent luminescence of Cr3+-activated β-Ga2O3 by alloying with Al2O3 and In2O3. J. Alloys Compd. 2024, 982, 173827. [Google Scholar] [CrossRef]

	



Kim, S.; Ryou, H.; Moon, J.; Lee, I.G.; Hwang, W.S. Codoping of Al and In atoms in β-Ga2O3 semiconductors. J. Alloys Compd. 2023, 931, 167502. [Google Scholar] [CrossRef]

	



Li, H.; Wu, Z.; Wu, S.; Tian, P.; Fang, Z. (AlxGa1-x)2O3-based materials: Growth, properties, and device applications. J. Alloys Compd. 2023, 960, 170671. [Google Scholar] [CrossRef]

	



Qi, K.; Fu, S.; Wang, Y.; Han, Y.; Fu, R.; Gao, C.; Ma, J.; Xu, H.; Li, B.; Shen, A.; et al. High-detectivity solar-blind deep UV photodetectors based on cubic/monoclinic mixed-phase (InxGa1−x)2O3 thin films. J. Alloys Compd. 2023, 965, 171473. [Google Scholar] [CrossRef]

	



Welch, E.; Talukder, M.A.A.; Martins, N.R.; Borges, P.D.; Droopad, R.; Scolfaro, L. Indium defect complexes in (InxGa1−x)2O3: A combined experimental and hybrid density functional theory study. J. Phys. D Appl. Phys. 2024, 57, 145302. [Google Scholar] [CrossRef]

	



Galazka, Z. β-Ga2O3 for wide-bandgap electronics and optoelectronics. Semicond. Sci. Technol. 2018, 33, 113001. [Google Scholar] [CrossRef]

	



Akselrud, L.; Grin, Y. WinCSD: Software package for crystallographic calculations (Version 4). J. Appl. Cryst. 2014, 47, 803–805. [Google Scholar] [CrossRef]

	



Åhman, J.; Svensson, G.; Albertsson, J. A Reinvestigation of β-Gallium Oxide. Acta Crystallogr. C 1996, 52, 1336–1338. [Google Scholar] [CrossRef]

	



Shannon, R.D.; Prewitt, C.T. Synthesis and structure of phases in the In2O3 Ga2O3 system. J. Inorg. Nucl. Chem. 1968, 30, 1389–1398. [Google Scholar] [CrossRef]

	



Pasquevich, A.F.; Uhrmacher, M.; Ziegeler, L.; Lieb, K.P. Hyperfine interactions of 111Cd in Ga2O3. Phys. Rev. B 1993, 48, 10052. [Google Scholar] [CrossRef]

	



Vasyltsiv, V.I.; Rym, Y.I.; Zakharko, Y.M. Optical Absorption and Photoconductivity at the Band Edge of β-Ga2−xInxO3. Phys. Status Solidi (B) 1996, 195, 653–658. [Google Scholar] [CrossRef]

	



Edwards, D.D.; Folkins, P.E.; Mason, T.O. Phase Equilibria in the Ga2O3In2O3 System. J. Am. Ceram. Soc. 1997, 80, 253. [Google Scholar] [CrossRef]

	



Zhong, J.; Zhuo, Y.; Du, F.; Zhang, H.; Zhao, W.; Brgoch, J. Efficient and Tunable Luminescence in Ga2-xInxO3:Cr3+ for Near-Infrared Imaging. ACS Appl. Mater. Interfaces 2021, 13, 31835. [Google Scholar] [CrossRef]

	



Kranert, C.; Lenzner, J.; Jenderka, M.; Lorenz, M.; von Wenckstern, H.; Schmidt-Grund, R.; Grundmann, M. Lattice Parameters and Raman-Active Phonon Modes of (InxGa1–x)2O3 for x < 0.4. J. Appl. Phys. 2014, 116, 013505. [Google Scholar] [CrossRef]

	



Edwards, D.D.; Mason, T.O. Subsolidus Phase Relations in the Ga2O3-In2O3-SnO2 System. J. Am. Ceram. Soc. 1998, 81, 3285–3292. [Google Scholar] [CrossRef]

	



Tomm, Y.; Ko, J.M.; Yoshikawa, A.; Fukuda, T. Floating Zone Growth of β-Ga2O3: A New Window Material for Optoelectronic Device Applications. Sol. Energy Mater. Sol. Cells 2001, 66, 369–374. [Google Scholar] [CrossRef]

	



Luchechko, A.; Vasyltsiv, V.; Ploch, D.; Kostyk, L.; Kushlyk, M.; Slobodzyan, D.; Hreb, V.; Vasylechko, L.; Yang, G.; Shpotyuk, Y. Effect of sintering atmosphere on structural, luminescence and electrical properties of β-Ga2O3 ceramics. Appl. Nanosci. 2023, 13, 7327–7334. [Google Scholar] [CrossRef]

	



Binet, L.; Gourier, D. Origin of the blue luminescence of β-Ga2O3. J. Phys. Chem. Solids 1998, 59, 1241–1249. [Google Scholar] [CrossRef]

	



Onuma, T.; Nakata, Y.; Sasaki, K.; Masui, T.; Yamaguchi, T.; Honda, T.; Kuramata, A.; Yamakoshi, S.; Higashiwaki, M. Modeling and interpretation of UV and blue luminescence intensity in β-Ga2O3 by silicon and nitrogen doping. J. Appl. Phys. 2018, 124, 075103. [Google Scholar] [CrossRef]

	



Luchechko, A.; Vasyltsiv, V.; Kushlyk, M.; Slobodzyan, D.; Baláž, M.; Cebulski, J.; Szmuc, K.; Szlęzak, J.; Shpotyuk, Y. Structural and luminescence characterization of β-Ga2O3 nanopowders obtained via high-energy ball milling. Appl. Nanosci. 2023, 13, 5149–5155. [Google Scholar] [CrossRef]

	



Vasyltsiv, V.; Kostyk, L.; Tsvetkova, O.; Lys, R.; Kushlyk, M.; Pavlyk, B.; Luchechko, A. Luminescence and Conductivity of β-Ga2O3 and β-Ga2O3: Mg Single Crystals. Acta Phys. Pol. A 2022, 141, 312–318. [Google Scholar] [CrossRef]

	



Vasyltsiv, V.; Luchechko, A.; Zhydachevskyy, Y.; Kostyk, L.; Lys, R.; Slobodzyan, D.; Jakieła, R.; Pavlyk, B.; Suchocki, A. Correlation between electrical conductivity and luminescence properties in β-Ga2O3: Cr3+ and β-Ga2O3: Cr, Mg single crystals. J. Vac. Sci. Technol. A 2021, 39, 033201. [Google Scholar] [CrossRef]

	



Ho, Q.D.; Frauenheim, T.; Deák, P. Origin of photoluminescence in β-Ga2O3. Phys. Rev. B 2018, 97, 115163. [Google Scholar] [CrossRef]

	



Luchechko, A.; Vasyltsiv, V.; Kostyk, L.; Tsvetkova, O.; Pavlyk, B. Thermally stimulated luminescence and conductivity of β-Ga2O3 crystals. J. Nano-Electron. Phys. 2019, 11, 03035. [Google Scholar] [CrossRef]

	



Wu, S.; Liu, Z.; Yang, H.; Wang, Y. Effects of Annealing on Surface Residual Impurities and Intrinsic Defects of β-Ga2O3. Crystals 2023, 13, 1045. [Google Scholar] [CrossRef]

	



Frodason, Y.K.; Johansen, K.M.; Vines, L.; Varley, J.B. Self-trapped hole and impurity-related broad luminescence in β-Ga2O3. J. Appl. Phys. 2020, 127, 075701. [Google Scholar] [CrossRef]








[image: Materials 17 01391 g001] 





Figure 1. Graphical results of Rietveld refinement of the structure of (Ga1−xInx)2O3 samples synthesized in oxygen (a) and argon (b) atmospheres. Experimental XRD patterns (small black circles) are shown in comparison with a calculated pattern for β-Ga2O3 structure (pink and blue lines). Short vertical bars indicate the positions of Bragg’s maxima in the β-Ga2O3 structure. The inset shows polyhedral representations of the structure showing mixed occupancy of octahedra with Ga and In atoms in (Ga1−xInx)2O3 samples. 






Figure 1. Graphical results of Rietveld refinement of the structure of (Ga1−xInx)2O3 samples synthesized in oxygen (a) and argon (b) atmospheres. Experimental XRD patterns (small black circles) are shown in comparison with a calculated pattern for β-Ga2O3 structure (pink and blue lines). Short vertical bars indicate the positions of Bragg’s maxima in the β-Ga2O3 structure. The inset shows polyhedral representations of the structure showing mixed occupancy of octahedra with Ga and In atoms in (Ga1−xInx)2O3 samples.



[image: Materials 17 01391 g001]







[image: Materials 17 01391 g002] 





Figure 2. Evolution of the lattice parameters and unit cell volume vs. indium content in (Ga1−xInx)2O3 solid solution. Dashed lines represent linear fits performed by [11] for five data sets for the powder and single crystal (Ga1−xInx)2O3 materials taken from Refs. [25,27,30,31,32]. Unit cell dimensions of the nominally pure β-Ga2O3 [33] and two (Ga1−xInx)2O3 samples studied in the present work are shown by circles and red diamonds, respectively. 






Figure 2. Evolution of the lattice parameters and unit cell volume vs. indium content in (Ga1−xInx)2O3 solid solution. Dashed lines represent linear fits performed by [11] for five data sets for the powder and single crystal (Ga1−xInx)2O3 materials taken from Refs. [25,27,30,31,32]. Unit cell dimensions of the nominally pure β-Ga2O3 [33] and two (Ga1−xInx)2O3 samples studied in the present work are shown by circles and red diamonds, respectively.



[image: Materials 17 01391 g002]







[image: Materials 17 01391 g003] 





Figure 3. Photoluminescence spectra of β-(Ga0.8In0.2)2O3 ceramics synthesized in oxygen (a) and argon (b) atmospheres. The elementary Gaussian peaks represent green, blue, and violet emission bands. 
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Figure 4. Photoluminescence spectra of β-(Ga0.8In0.2)2O3:0.05%Mg ceramics synthesized in oxygen (a) and argon (b) atmospheres. The elementary Gaussian peaks represent green, blue, and violet emission bands. 
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Figure 5. CIE 1931 chromaticity diagram for β-(Ga0.8In0.2)2O3 (a) and β-(Ga0.8In0.2)2O3:0.05%Mg (b) ceramics synthesized in oxygen and argon atmospheres. 
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Figure 6. The photoluminescence excitation spectra of the β-(Ga0.8In0.2)2O3 (a) and β-(Ga0.8In0.2)2O3:0.05%Mg (b) ceramics synthesized in oxygen (black curve) and argon (red curve) atmospheres. 
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Figure 7. The temperature dependence of the electrical conductivity of β-(Ga0.8In0.2)2O3 and β-(Ga0.8In0.2)2O3:0.05%Mg solid solutions synthesized in oxygen or argon gas atmospheres. 
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Table 1. Lattice parameters, coordinates, and displacement parameters of atoms in monoclinic structures of β-(Ga1−xInx)2O3 annealed in O2 and Ar atmospheres (SG C2/m, Z = 4).
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Lattice Parameters

	
Atoms, Sites

	
x/a

	
y/b

	
z/c

	
Biso/eq, Å2

	
Occupancy






	
β-(Ga1−xInx)2O3 in O2; RI = 0.0381, RP = 0.0713




	
a = 12.4697(2) Å

	
Ga1, 4i

	
0.09048(10)

	
0

	
0.2929(3)

	
0.82(3)

	
1.01(1) Ga3+




	
b = 3.10206(5) Å

	
Ga2, 4i

	
0.34367(7)

	
0

	
0.1885(2)

	
0.93(3)

	
0.63(2) Ga3+ + 0.38(2) In3+




	
c = 5.86855(9) Å

	
O1, 4i

	
0.1628(4)

	
0

	
0.6187(11)

	
1.1(2)

	
O2−




	
β = 103.379(1) o

	
O2, 4i

	
0.1714(4)

	
0

	
0.0653(14)

	
1.6(2)

	
O2−




	
V = 220.85(1) Å3

	
O3, 4i

	
0.5123(4)

	
0

	
0.2460(8)

	
0.7(2)

	
O2−




	
Texture axis and parameter: [1 0 0] 0.563(5)




	
β-(Ga1−xInx)2O3 in Ar; RI = 0.0454, RP = 0.0733




	
a = 12.4886(2) Å

	
Ga1, 4i

	
0.09041(10)

	
0

	
0.2926(3)

	
0.76(3)

	
1.00(1) Ga3+




	
b = 3.10717(6) Å

	
Ga2, 4i

	
0.34347(7)

	
0

	
0.1884(2)

	
0.78(3)

	
0.65(2) Ga3+ + 0.35(2) In3+




	
c = 5.87368(10) Å

	
O1, 4i

	
0.1629(4)

	
0

	
0.6191(12)

	
1.9(2)

	
O2−




	
β = 103.337(1) o

	
O2, 4i

	
0.1707(4)

	
0

	
0.0658(13)

	
1.0(2)

	
O2−




	
V = 221.78(1) Å3

	
O3, 4i

	
0.5137(4)

	
0

	
0.2487(9)

	
1.6(2)

	
O2−




	
Texture axis and parameter: [1 0 0] 0.584(5)











 





Table 2. Individual and average interatomic distances (in Å) inside GaO4 tetrahedra and MoO6 octahedra in two (Ga1−xInx)2O3 materials annealed in O2 and Ar atmospheres in comparison with the parent Ga2O3 structure. Besides individual distances, the average distances inside polyhedra and their increment are presented as well. M denote the mixture of Ga/In cations in octahedral positions.
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Atoms

	
Ga2O3 Ref. [24]

	
(Ga1−xInx)2O3

	
Atoms

	
Ga2O3 Ref. [24]

	
(Ga1−xInx)2O3




	
in O2

	
in Ar

	
in O2

	
in Ar






	
Ga-O3 (×2)

	
1.832

	
1.819(3)

	
1.812(3)

	
M-O1 (×2)

	
1.937

	
1.933(4)

	
1.934(4)




	
Ga-O2

	
1.863

	
1.850(7)

	
1.842(7)

	
M-O3

	
1.936

	
2.051(5)

	
2.073(5)




	
Ga-O1

	
1.835

	
1.916(7)

	
1.923(7)

	
M-O2

	
2.005

	
2.102(6)

	
2.112(6)




	

	

	

	

	
M-O2 (×2)

	
2.074

	
2.128(5)

	
2.134(5)




	
Ga-O4(ave),

increment

	
1.841

	
1.851

+0.54%

	
1.847

+0.33%

	
MO6(ave),

increment

	
1.994

	
2.046

+2.61%

	
2.054

+3.00%
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