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Abstract

:

In this study, the results of hydrogen plasma treatments of β-Ga2O3, α-Ga2O3, κ-Ga2O3 and γ-Ga2O3 polymorphs are analyzed. For all polymorphs, the results strongly suggest an interplay between donor-like hydrogen configurations and acceptor complexes formed by hydrogen with gallium vacancies. A strong anisotropy of hydrogen plasma effects in the most thermodynamically stable β-Ga2O3 are explained by its low-symmetry monoclinic crystal structure. For the metastable, α-, κ- and γ-polymorphs, it is shown that the net result of hydrogenation is often a strong increase in the density of centers supplying electrons in the near-surface regions. These centers are responsible for prominent, persistent photocapacitance and photocurrent effects.
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1. Introduction


Ga2O3 is a wide-bandgap semiconductor material currently under intense study for a new generation of ultra-high-power electronic devices and high-performance UV solar-blind photodetectors [1,2,3,4]. As with some other wide-bandgap semiconductors, Ga2O3 is characterized by prominent polymorphism. Hydrogen is one of the most important impurities in this material. Interstitial hydrogen (Hi) and hydrogen at the oxygen site (HO) are predicted to be shallow donors. One of the most important interactions is with gallium vacancies (VGa) to form VGa-H complexes, since these have especially low formation energies. This H can have strong impacts on the electrical conductivity.



Six different polymorphs of Ga2O3 have been described in the literature, with four being of practical interest: thermodynamically stable monoclinic β-Ga2O3 and three metastable polymorphs, (1) corundum α-Ga2O3, (2) orthorhombic κ-Ga2O3 and (3) the cubic γ-Ga2O3 with defect spinel structure [1,2]. The main focus has been on β-Ga2O3, which, in addition to the wide bandgap of 4.7–4.9 eV and a high breakdown electric field of at least 8 MV/cm (several times higher than that for SiC or GaN), has an advantage, namely, that it can be grown in bulk crystal form using standard melt-growth techniques. This contrasts with the physical vapor transport technique needed for SiC crystals, meaning that the cost of growing bulk substrates is less for Ga2O3. β-Ga2O3 can be easily doped n-type with an electron concentration from mid-1015 to ~1019 cm−3 or made semi-insulating by doping with Fe, Mg or N. It can be grown epitaxially by all versions of epitaxial growth and has convenient ternary solid solutions with Al2O3 and In2O3, allowing the fabrication of useful heterojunction devices [2,4]. Various devices, such as high-power rectifiers, field-effect transistors (FETs), vertical FETs of different designs and heterojunction high-electron-mobility transistors (HEMTs) with promising properties, have been described and, in some cases, surpass the performance of the SiC and GaN competitors [2,4].



The second most popular polymorph, the corundum α-Ga2O3, has a higher crystal symmetry than monoclinic β-Ga2O3, a wider bandgap of 5.2 eV, the existence of isomorphous metal oxides available for heterojunction engineering, the use of cheap and mature sapphire substrates for epi growth, and the possibility of fabricating ternary solutions with other metal oxides with natural p-type conductivity, such as α-Ir2O3. This leads to the feasibility of p-type doping [1,2,5,6,7,8,9,10], which is important because the room-temperature p-type doping is an issue for all binary G2O3 polymorphs [9]. Although the thermal stability of α-Ga2O3 is limited to temperatures below ~600 °C, there are approaches allowing an increase to ~900 °C by growth on α-(AlGa)2O3 [11]. α-Ga2O3-based devices, power rectifiers and FETs, as well as highly sensitive solar-blind photodetectors, have been demonstrated and show considerable promise [5,6,7,8,9,10].



The interest in the orthorhombic κ-Ga2O3 has been stimulated by the existence in this polymorph of a very high spontaneous electric polarization exceeding that of the AlGaN system by about an order of magnitude. In addition, it has prominent ferroelectric properties [12,13]. These potentially create additional functionality when applying κ-Ga2O3 in the fabrication of high-performance FETs with polarization doping similar to GaN-based FETs [14,15,16,17]. The high piezoelectric polarization of κ-Ga2O3 can be employed for radiofrequency (RF) resonators and modulators [18]. The thermal stability of the κ-Ga2O3 polymorph is inferior only to the stable β-Ga2O3 (κ-Ga2O3 converts to β-Ga2O3 at 700–800 °C [2,19]). However, this polymorph has a tendency to grow in the form of 120° rotational nanodomains, which handicaps the in-plane electric conductivity [14,20].



The cubic γ-Ga2O3 polymorph with defective spinel structure readily forms as a result of the radiation-induced disorder accumulation in β-Ga2O3 [2,20,21,22,23,24]. Recently, it has been demonstrated that γ-Ga2O3 is an exceptionally radiation-resistant material if judged by the structural properties of the films converted from β-Ga2O3 by high doses of heavy-ion implantation [25].



1.1. Role of Hydrogen


In all Ga2O3 polymorphs, hydrogen is an important contaminant from the growth ambient. In addition, it is often introduced in the course of device fabrication and operation. Hence, there is an interest in the performance of hydrogen in different polymorphs of Ga2O3. Theoretical modeling of isolated H properties [26,27,28] in the stable polymorph showed that interstitial hydrogen, Hi, is expected to be a shallow donor, Hi+, which is mobile at room temperature. In the vicinity of shallow donor dopants, such as Si or Sn, an acceptor state of Hi− can be stabilized, forming a deep acceptor complex with shallow donors, resulting in a deep level at 0.5 eV below the conduction band minimum (EC−0.5 eV) [28]. Hydrogen can also form a complex with oxygen vacancies at one of the three O sites, O1, O2 and O3, in β-Ga2O3 [28]. The HO1 and HO3 states are shallow donors which are mobile at room temperature [28]. The HO2 state is expected to be a metastable negative-U center with two stable charge states corresponding to either positively charged or negatively charged defects, with the neutral state being metastable. Theory predicts the energy of the metastable charge transfer (0/-) level obtainable from deep-level transient spectroscopy (DLTS) to be at EC−0.7 eV [28]. The electron accumulation and downward surface band bending in n-type β-Ga2O3 [29] could be due to the presence of donor Hi+ centers at the surface, whereas the electron concentration depletion at the surface and the upward surface band bending observed after the elimination of hydrogen from the surface by high-temperature annealing could be caused by the acceptor states due to the H− complexes with shallow donors in the bulk of the material [28,29].




1.2. Complexing with Defects


Since interstitial hydrogen is a donor, it is expected to form complexes with point defects that are acceptors. Among the native defects, the most important are Ga vacancies in the tetrahedral Ga1 site and the octahedral Ga2 site [26,27,30,31]. These are triply charged deep acceptors with charge transfer levels located from ~1 eV above the valence band maximum (EV + 1 eV) towards the midgap, consistent with the negative charge on the vacancy increasing [26,27,30,31]. Attachments of hydrogen donors to these acceptors should change the charge transfer level positions depending on the number of H atoms involved [26]. In Ref. [32], it is shown that up to four H atoms can be accommodated in such a complex. For β-Ga2O3 annealed at 900 °C in molecular hydrogen in sealed ampoules with different pre-treatments of the surface, it was shown by combined positron annihilation spectroscopy (PAS) [33] and electrical conductivity and thermoluminescence [34] measurements that, for complexes including four H atoms, such H2 treatment, creates surface layers with high electron conductivity and donor centers close to 20 meV. By contrast, for complexes with H atoms equal to two or higher, the surface layer becomes p-type, with the dominant acceptors having an ionization energy of 40 meV [32]. This procedure may be a method of preparing thin p-type surfaces of β-Ga2O3 [32].



Theoretical modeling suggests that Ga vacancies can be transformed into a more favorable configuration of split (or shifted) VGai vacancies, which are off-center Ga vacancies combined with different types of Ga interstitials [30,31]. The resulting acceptor centers have charge transfer levels slightly shifted compared to isolated vacancies and are expected to be the dominant native defects in as-grown β-Ga2O3 [30]. They have been directly observed experimentally in scanning transmission electron microscopy (STEM) experiments, and their concentration strongly increases in the presence of heavy Sn doping [35]. Steady-state photocapacitance (SSPC) spectroscopy, deep-level optical spectroscopy (DLOS), and capacitance–voltage measurements under monochromatic illumination (so-called LCV measurements) [36] on β-Ga2O3 associate with these centers an optical absorption/photocapacitance/DLOS band with an optical threshold near 2–2.3 eV and a high Franck–Condon shift of ~0.6 eV [36,37]. These centers have concentrations in the 1015–1017 cm−3 range in as-grown β-Ga2O3 [37]. Such defects also give rise to highly anisotropic PAS features in the spectra of as-grown and proton-irradiated β-Ga2O3 [33,38].



Theoretical modeling predicts that complexes of these VGai vacancies with two H atoms, VGai−2H, should be stable and give rise to SSPC/LVM bands slightly shifted compared to the unhydrogenated samples [30,39,40,41]. These complexes are predicted to be active in IR spectra, with the wavelength and intensity of the respective O-H vibrations sensitive to the crystal orientation and light polarization and also to changing the ratio of hydrogen and deuterium constituents in the complex because of the isotopic effect [42]. Such local vibrational modes (LVMs) were detected in as-grown or proton/deuterium-implanted samples [38,39,40,41,43].




1.3. Carrier Compensation by Defect Complexes


It has been proposed that the acceptor complexes of VGai−2H could be responsible for the compensation of shallow donors and electron removal in proton-irradiated n-type β-Ga2O3 [30,38]. However, in many cases, there is a considerable disparity between the number of VGai and VGai−2H complexes and the total number of compensating acceptors, with the density of the former being much higher than the concentration of the latter [37]. Also, in many cases, the presence of a high concentration of “hidden” (i.e., not IR-active) hydrogen has to be postulated to account for the changes in the type and density of LVM-active H complexes upon annealing [38,39,40,41,43]. The actual concentration of this “hidden” hydrogen is of the order of 1018 cm−3 [38,39,40,41,43], in good agreement with the hydrogen concentration in as-grown β-Ga2O3 [44]. The location of this “hidden” hydrogen is not clear, but an explanation offered in Ref. [45] assumed that neutral complexes of VGai with oxygen vacancy, VO, and multiple H atoms could account for the observed discrepancies. The positron lifetime of the p-n-converted p-Ga2O3 films containing a high number of VGa-complexes with two or more H atoms was greatly enhanced, thus decreasing the PAS signal and therefore effectively “hiding” a portion of hydrogen in such complexes [32].



The properties of VGai-H-VO1 and VGa1-H-VO1 complexes in β-Ga2O3 have been theoretically investigated [28] and suggested to arise from negative-U deep acceptor states with a charge transition level of (-/2-) EC−0.5 eV, similar to the position of the E1 electron trap in n-type β-Ga2O3 [30,32,37]. Measurements of the dependence of the electron emission coefficients of the E1 traps on the electric field indicate that these traps are deep donors and more likely related to SiGa1-H complexes [32,46].




1.4. Study of Hydrogen Plasma Effects


Studies of H plasma treatment of n-type β-Ga2O3 show that the effects critically depend on the energy of H ions in the plasma and on β-Ga2O3 orientation [47,48]. For H plasma treatments under mild conditions with low energy of H ions, the hydrogen/deuterium penetration was negligible at 330 °C, with slight changes observed in net donor concentration profiles and in DLTS spectra of electron traps [48].



By sharp contrast, when similar hydrogen treatments were performed under harsh conditions involving high-energy H ions, the results were radically different: the hydrogen penetration depth was larger and the electrical property changes more pronounced [47,48]. The hydrogen propagation in β-Ga2O3 requires the generation of defects. The dependence of hydrogen diffusion on temperature and orientation [49,50] was studied by fitting deuterium (D) SIMS profiles after implantation and annealing. For D diffusion in D-implanted (    2  ¯  01  )-oriented [49,50] or (  010  )-oriented [50] β-Ga2O3, the diffusion profiles are described by a trap-limited diffusion model, with the diffusion being a three-step process consisting of the moving species being trapped by defects, released by defects, and diffusing between the trapping and release stages [51]. The result is the appearance of a well-defined concentration plateau in the diffusion profile followed by a clear-cut diffusion front. This behavior is characteristic for H(D) diffusion in H(D) plasma-treated semiconductors [51]. The analysis of the profiles obtained at different temperatures allows the extraction of the concentrations of the trapped species as a function of temperature and hence the reaction rates of capture and release of the diffusing species by the traps and the activation energy and pre-exponential factor, Do, for diffusion.



Diffusion in the (  010  ) orientation occurs faster than for (    2  ¯  01  ) because of the existence of low-atomic-density channels normal to the (  010  ) plane, which facilitates the easy movement of hydrogen and defects from the surface [50]. Analysis [50] yielded an activation energy for diffusion of 1.2 eV [49] or 1.9 eV [50] and an activation energy of H(D) release from the traps of 2.6 eV for the (    2  ¯  01  ) orientation. Detailed comparisons with calculated binding energies of hydrogen with different defect complexes [49] suggest that the trap sites are most likely the split vacancies, VGai, with some possible contribution from VGa-VO divacancies.



The hydrogen capture, release and diffusion in β-Ga2O3 show differences in dense H plasma effects on n-type β-Ga2O3(Sn) with (  010  ) and (    2  ¯  01  ) orientations [47]. In the as-grown states, both types of samples had similar electrical properties and deep trap spectra. The net donor concentrations were 2.7 × 1017 cm−3 for (    2  ¯  01  ) and 3.2 × 1017 cm−3 for (  010  ), with similar Schottky barrier heights of 1.5–1.75 eV. DLTS spectras of deep electron traps were dominated by the EC−0.8 eV E2 trap due to Fe acceptors [30,37], and the EC−1 eV trap E3 due to either Ti donors or native defect donors [30,37], with a low temperature shoulder due to the E2* trap at EC−0.74 eV [30,37], was assigned [52,53] to VGa-Vo complexes. The deep acceptor trap spectra were dominated by the acceptors with an optical threshold of 2.3 eV and a high barrier for capture of electrons (most likely the VGai centers), the acceptor with an optical ionization threshold near 3.1 eV, associated with unrelaxed Ga vacancies [54], and traps with an optical ionization threshold of 1.3 eV. The concentrations of the traps were respectively 5 × 1015, 6 × 1015 and 1015 cm−3 [47].



After H plasma treatment at 330 °C for 0.5 h, the upper ~1.2 µm of (  010  ) samples was fully depleted, while, deeper inside the sample, the net donor density was decreased to 3.2 × 1016 cm−3. Complete passivation of the Fe acceptor E2 state was observed, with the densities of the deep acceptors also decreased. In contrast, for the (    2  ¯  01  ) sample subjected to H plasma treatment under the same conditions, we observed an increase in the net shallow donor density to 2.6 × 1018 cm−3, with a shallower depth of tenths of a micron after the H plasma treatment. Similar to the (  010  ) case, a total passivation of the E2 states due to Fe acceptors was observed.



The series resistance after H plasma treatment showed for the (    2  ¯  01  ) sample an activation energy of 22 meV, similar to that in the high-temperature H2-annealed samples converted to heavy n-type [32], where the effect was attributed to the formation of the VGa−4H complexes. The explanation of the phenomenon [47] was that for the (    2  ¯  01  ) samples, the hydrogen penetration depth due to Hi+ diffusion was shallow, with a high surface density of hydrogen available for trapping and, simultaneously, a high density of plasma-damage-related defects of the Ga vacancy type, hence the high density of formed VGa (or VGai−4H) shallow donor complexes that were formed.



In the (  010  ) samples, the H-plasma-induced vacancy defect states penetrated deeper inside the samples and had a high density, which resulted in deep acceptor hydrogen complexes and heavier compensation than in the pristine sample. Under these conditions, one can expect p-n conversion in the near-surface region if the ratio of the densities of the moving Hi+ species and the VGai centers is balanced, although this state has not been attained [55].




1.5. Implications of Hydrogenation Effects in β-Ga2O3


Thus, for β-Ga2O3, the directions in which hydrogen plasma treatments could prove to be of scientific and practical interest are: (1) determining the possibilities of p-type layer fabrication on the surface by introducing in a controlled manner the Ga vacancy defects and hydrogenating them; (2) determining if n+ layers for use in Ohmic contact fabrication and not employing high doses of donor implantation and very-high-temperature annealing could be obtained; and (3) using hydrogen passivation of deep acceptor non-radiative recombination centers to improve the properties of β-Ga2O3 devices, which is the classical application of hydrogen plasma treatment experiments in semiconductors [51].




1.6. Hydrogen in Other Polymorphs


For α-Ga2O3, the understanding of the processes occurring upon H interaction is lagging behind that for β-Ga2O3. Some studies of the deep and shallow traps in α-Ga2O3 films have been published [37,56,57] and can be compared to the results of theoretical modeling [58]. The dislocation densities in α-Ga2O3 are currently quite high, the control over n-type doping is less than in the beta polymorph and the number of deep traps is high [37,56,57,59]. The trap spectra are similar to those in β-Ga2O3, and the diffusion lengths of charge carriers are low [37]. If H plasma treatments could be used to decrease the density of acceptor-type deep traps, that would be beneficial for device applications. Some initial studies have been reported for the effects caused by annealing in molecular H2 [56] and by proton implantation [57], and LVM studies for H treatments of α-Ga2O3 suggest that Ga vacancies also tend to form split configurations [60]. Complexes of 2H or 2D atoms with gallium vacancies were detected in LVM spectra of H- or D-implanted α-Ga2O3, but in such complexes the Ga vacancies prefer the unrelaxed VGa structure. This may be particularly interesting because of the significantly higher mobility of VGa in α-Ga2O3 compared to that in β-Ga2O3 [61].



Future directions of interest include checking the possibility of obtaining a high electron concentration density at the surface via low-temperature H plasma treatments, which would be useful, because donor ion implantation with high-temperature annealing is problematic for α-Ga2O3 due to its low thermal stability.



In κ-Ga2O3, there exists a serious problem of the overall low crystalline quality, with a high density of dislocations and a high density of rotational domains that make the fabrication of device quality material with controllable in-plane and vertical conductivity very difficult [14,62].



Recent work on the growth of thick epitaxial films by HVPE and by epitaxial lateral overgrowth (ELOG) HVPE [63,64] allowed improvement of the crystalline quality of κ-Ga2O3 films. However, the efficiency of n-type doping is low, at least in part because of the presence of deep traps, particularly in the upper portions grown close to the end of the process [63]. A detailed theory of defects in κ-Ga2O3 has yet to be developed. Calculations suggest that unshifted VGa at the Ga1 site is the lowest energy of Ga vacancy species and that LVM features due to H attached to the O1 site and VGa1 are to be expected, which has not been confirmed by experiment (Ref. [65]). It is hoped that H plasma treatments will have a positive effect on the properties, enhancing the shallow donor concentration at the surface.



Finally, recently, it has been found that monoclinic β-Ga2O3 crystals and films can be readily transformed into the cubic defective spinel γ-Ga2O3 polymorph in the regions subjected to the radiation disorder [22,23,24]. This phase appears in the heavily damaged material instead of the more common amorphization after high doses of implantation. The structural properties of this γ-Ga2O3 polytype are extremely radiation tolerant and such structures could form a basis for some highly radiation-resistant devices. The ability to capitalize on this observation depends on the ability to produce electrical conduction in implanted films and the suitability of the properties for use in devices. Here, again, there is a hope that H plasma treatments at moderate temperatures can play a role satisfying the thermal stability of γ-polymorphs. The γ-Ga2O3 polymorph is difficult to obtain in pure form by growth, and it is difficult to study its properties. Therefore, the highly nonequilibrium method of fabricating γ-Ga2O3 by heavy-ion implantation into β-Ga2O3 is at present the only way to obtain and study the pure γ-Ga2O3.



In this review, we summarize the results of our recent experiments with H plasma treatment of all four of the abovementioned polymorphs. These results stress the similarity of the major effects, indicating the similarity of the underlying processes.





2. Materials and Methods


2.1. Samples Used


2.1.1. β-Ga2O3 Samples


Four β-Ga2O3 samples labeled β-GaO1, β-GaO2, β-GaO3 and β-GaO(O) were used. Sample β-GaO1 was cut from a β-Ga2O3 (    2  ¯  01  ) EFG wafer doped with Sn. Sample β-GaO2 was cut from an (  010  )-oriented wafer doped and grown in the same manner. The net donor concentration of these samples was (2–3) × 1017 cm−3. Sample β-GaO3 was cut from an unintentionally doped EFG (    2  ¯  01  ) wafer subjected to 900 °C ampoule annealing in molecular H2 to study the effects on deep trap spectra. We employed different spectroscopic techniques to understand the presence and origin of defects. Deep-level transient spectroscopy (DLTS) [66] measurements as a function of the applied electric field showed a strong increase in the concentration of the deep electron trap with the level EC−0.6 eV, the so-called E1 center [28,32,37]. The measurements as a function of applied electric field [46] demonstrated that the E1 center is a deep donor and identified a complex of shallow donors, with hydrogen as the most likely candidate for the E1 trap [28].



Sample β-GaO(O) subjected to H plasma treatment was unintentionally doped β-GaO(O) with an (001) orientation. It was grown by halide vapor phase epitaxy (HVPE) on a bulk n+ EFG substrate doped with Sn to a donor density of 3 × 1018 cm−3. All bulk wafers and substrates were purchased from Tamura/Novel Crystals, Inc., Tokyo, Japan. The sample was studied after two sets of treatments. In the first, it was implanted with 1016 cm−2 1 MeV O ions, characterized, subjected to H plasma treatment and again characterized [67]. In the second set, the sample was further implanted with O ions to a total fluence of 4 × 1016 cm−2, characterized and subjected to H plasma treatment, with detailed electrical characterization and deep trap spectra measurements after the second O implantation and after H plasma treatment.




2.1.2. α-Ga2O3 Samples


The α-Ga2O3 samples were grown by HVPE at 500 °C on basal-plane (0001) sapphire substrates [57,59,68]. The samples GO1062-2 and GO1058-2 were nominally undoped and had a thickness of 5 µm. These samples were characterized before and after H plasma treatment. The sample GO1058-2 was cut into two pieces and characterized, then one of the pieces was treated in molecular hydrogen flow at 500 °C (GO1058-2(H2)), characterized, then subjected to H plasma treatment (GO-1058-2(H plasma)) and again characterized to be compared with the sample not subjected to H2 or H plasma treatment and serving as a reference for the H2 and H plasma procedure (GO-1058-2).




2.1.3. κ-Ga2O3 Samples


The samples were grown by halide vapor phase epitaxy (HVPE) using a homemade hot-wall horizontal quartz atmospheric pressure reactor. Gallium chloride (GaCl) and oxygen (O2, 99.999%) were used as precursors. The GaCl vapor was produced in situ by flowing hydrogen chloride gas (HCl, 99.999%) over metallic gallium (Ga, 99.999%). The precursors were carried by argon (Ar) gas to the growth zone, where they reacted to form Ga2O3. The mole ratio of the O2 to Ga flows was close to 3. The growth was performed at 570 °C, with a growth rate of up to 5 μm/h.



Growth was performed using the epitaxial lateral overgrowth (ELOG) approach, following the recipe proposed by Oshima et al. [64]. On (0001) sapphire substrates a thin film of TiO2 was first deposited. It was then masked by 20 µm wide SiO2 stripes going along the (  11   2  ¯  0  ) direction of the sapphire, with a 5 µm distance between the stripes. The grown films were either undoped or Sn-doped. Their properties were studied before and after H plasma treatment.




2.1.4. γ-Ga2O3 Samples


The γ-Ga2O3 samples were prepared from (010)-oriented semi-insulating Fe-doped bulk β-Ga2O3 crystals implanted at room temperature with 1.7 MeV Ga ions to a fluence of 6 × 1015 cm−2 (sample γ-GaO1). Two additional samples were implanted with 28Si+ ions at an energy of 300 keV (fluence 1015 cm−2) and 36 keV (fluence 2 × 1014 cm−2) at 200 °C and rapid thermal annealed to 600 °C (sample γ-GaO2) or Si-implanted at 400 °C (sample γ-GaO3) [69]. All three samples were characterized, H plasma-treated (samples with additional H indexes in the sample names) and characterized again. Subsequently, samples γ-GaO2-H and γ-GaO3-H were irradiated with 1 MeV protons to fluences of 1014 cm−2 (γ-GaO2-H) or 1015 cm−2 (γ-GaO3-H). These proton-irradiated samples were compared with two n-type β-Ga2O3 samples: (1) β-GaO1, an (001)-oriented n-type β-Ga2O3 10 mm thick film grown by HVPE on an n+ EFG substrate, and (2) (    2  ¯  01  ) β-Ga2O3, an EFG-grown bulk β-Ga2O3 sample with a net donor density of 4 × 1017 cm−3 irradiated with 1015 cm−2 1 MeV protons.





2.2. Schottky Diode and Ohmic Contact Preparation


Circular, optically transparent Ni Schottky diodes with a 1 mm diameter and a 20 nm thickness were deposited by e-beam evaporation. Ohmic contacts consisting of the Ti/Au stack (20 nm/80 nm) were deposited by e-beam evaporation either on the back surface of conducting n+ β-Ga2O3 substrates or on the front surface of films deposited on semi-insulating Fe-doped β-Ga2O3 substrates or on sapphire substrates [48,57,61,69].




2.3. Structural Characterization


The structural quality of the implanted samples was characterized by a combination of Rutherford backscattering spectrometry in channeling mode (RBS/C) and X-ray diffraction (XRD) [22]. RBS/C measurements were performed using 2.5 MeV He2+ ions incident along the (010) direction and backscattered into a detector placed at 165° relative to the incident beam direction. XRD θ–2θ measurements were performed using the Bruker AXS D8 Discover diffractometer with a Cu Kα1 source. These were complemented with high-resolution XRD (HRXRD) measurements in a double-axis or triple-axis geometry in which the crystalline quality was assessed by the full width at half maximum (FWHM) of the symmetric or asymmetric X-ray reflections [22,69].



Additionally, some samples were characterized by XRD θ−2θ measurements and HRXRD measurements using the Bede D1 System diffractometer.



The morphology of the samples was studied by observation in the secondary electron mode (SE) of the JSM-6490 scanning electron microscope (SEM) (JEOL, Tokyo, Japan) and by AFM and contact profilometry.




2.4. Characterization of Electrical Properties, Deep Trap Spectra, Microcathodoluminescence and Electron-Beam-Induced Current Imaging


The samples with Ni Schottky contacts and Ti/Au Ohmic contacts were characterized by current–voltage (I−V) measurements between the Ohmic contacts and between the Schottky and Ohmic contacts, capacitance versus temperature measurements (C−T), capacitance versus frequency (C−f) measurements, capacitance versus voltage (C−V) profiling and admittance spectra measurements (AS) [66], photoinduced current transient spectroscopy (PICTS) [70], current deep-level transient spectroscopy (CDLTS) [71], and capacitance deep-level transient spectroscopy (DLTS) [66].



The I−V, C−f, C−V and DLTS measurements were performed in the dark or with monochromatic illumination using a set of light-emitting diodes (LEDs) with wavelengths ranging from 259 to 940 nm in a temperature range of 77–500 K and powers at the mW level. Capacitances were measured at frequencies from 20 Hz to 20 MHz, and DLTS spectra were monitored using the probing frequency corresponding to the plateau of the C−f dependence. The probing frequency could be set between 1 kHz and 1 MHz, and the measured capacitance relaxation curves were corrected by changes of the capacitance values during capacitance transients [47,54,72].



Microcathodoluminescence (MCL) spectra measurements were performed in a JSM-6490 (JEOL, Tokyo, Japan) SEM at room temperature using the MonoCL3 (Gatan, Abingdon, UK) system with a Hamamatsu photomultiplier as a detector. In most experiments, the CL measurements were carried out with a probing beam energy (Eb) of 10 keV and a probing beam current (Ib) of about 1 nA. The experimentally measured broad MCL spectra were deconvoluted into a set of Gaussian bands fitting the experiment and allowing the determination of the individual radiative recombination bands and their relative intensities.



The recombination rate of excess carriers was characterized by electron-beam-induced current (EBIC) measurements [73]. The EBIC studies were carried out using the JSM-840 scanning electron microscope (SEM) (JEOL, Tokyo, Japan) at room temperature with a beam energy in the range from 3 keV to 38 keV and a beam current of 10−10 A. A Keithley 428 current amplifier was used in the EBIC measurements. Briefly, the procedure of the diffusion length estimation consisted of fitting the experimentally measured collected current, Ic, dependence on beam energy, Eb, to the calculated one. The collected current was calculated according to the approach proposed by Donolato [74] for the Schottky barrier excited through a metal contact [73].




2.5. Hydrogen Plasma Treatment


All hydrogen plasma treatments were performed in an inductively coupled plasma (ICP) reactor (PlasmaLab 100 dual, Oxford Instruments Technology, Oxford, UK) at 330 °C for 30 min, at a pressure of 36 mTorr. The ICP RF power was 1500 W, the RF power applied to the chuck was 75 W and the bias on the chuck was 298 V. This regime was found to be effective in inducing measurable changes in the electrical properties of bulk n-type β-Ga2O3 [47,67,69] and was adopted as basal for the treatment of all samples described in this paper.





3. Results and Discussion


In this section, we present the recent experimental results and propose a possible interpretation of the hydrogen plasma treatment experiments for all four studied Ga2O3 polymorphs. We start with the most important of them, the stable β-Ga2O3 polymorph.



3.1. Recent Experiments with Hydrogen Plasma Treatment of β-Ga2O3


The results of hydrogen plasma treatment of β-Ga2O3 are clearly dependent on the plasma characteristics and on crystal or film orientation. The ability to incorporate H into n-type β-Ga2O3 critically depends on the energy of H ions in the plasma. For example, H ions with high energy create surface defects which enhance the incorporation of H into the surface and its diffusion proceeding via the capture and release of hydrogen at defect sites. This diffusion proceeds faster for loosely packed (  010  ) planes with channels going in the growth direction since these are conducive to the high mobility of both hydrogen and trapping defects [50]. This process is less efficient for closely packed (    2  ¯  01  ) planes with no such channels along the growth direction. This anisotropy results in differences in changes of net donor density. Figure 1a,b illustrate this by showing the changes in net donor profile in the (  010  ) orientation (β-GaO(  010  ) and two samples with a (    2  ¯  01  ) orientation (sample β-GaO(    2  ¯  01  )-1 and sample β-GaO(    2  ¯  01  )-2). For the β-GaO(  010  ) sample, one can observe a decrease in the net donor concentration, Nd, to 1 µm after the dense H plasma treatment at 330 °C, whereas, for samples β-GaO(    2  ¯  01  )-1 and β-GaO(    2  ¯  01  )-2, the net donor density is strongly increased in a shallow surface region of submicron depth.



The model proposed in Ref. [32] explains the changes induced by 900 °C molecular hydrogen annealing of β-Ga2O3 by competition between the formation of the (VGa−2H)− acceptors compensating the n-type conductivity and of the (VGa−4H)+ donors enhancing the n-type conductivity. Based on this, one can assume that the result illustrated by Figure 1a,b is the consequence of the difference in H penetration depth and concentration in the (  010  ) and (    2  ¯  01  ) samples. For the (  010  ) samples in which hydrogen diffusion is fast, the surface solubility of hydrogen is lower due to the faster movement of H-plasma-induced defects, which decreases the concentration of H available for complex formation. The predominant process is the formation of compensating (VGa−2H)− acceptors and an associated decrease in n-type conductivity. Conversely, for the (    2  ¯  01  )-oriented samples, the Ga vacancies are mostly confined to the near-surface region, thus increasing the surface solubility of hydrogen. By contrast, the slower diffusivity of hydrogen increases the rate of creating the (VGa−4H)+ donors, enhancing the net density of centers providing electrons and contributing to electron concentration. From the donor concentration profiles in Figure 1a,b, the hydrogen diffusion in the two (    2  ¯  01  ) samples leads to shallow profiles of submicron depth. It is expected that interstitial Hi+ ions moving between the acts of capture and release by the Ga vacancies can also effectively form complexes with other acceptors. The most prominent of these are the E2 centers with the level EC−0.8 eV related to substitutional Fe acceptors [30]. These centers are predominant in the deep electron trap spectra of EFG-grown bulk β-Ga2O3 samples and are the main deep electron traps in the samples (see Figure 2a); the y-axis in the figure is the product of 2Nd multiplied by the DLTS signal ΔC/C and by the spectrometer function F−1 [66], which gives for the temperatures corresponding to the peaks in the spectra the concentrations of the respective traps without taking into account the λ-correction [66]; the labels on the figures give the bias and pulse voltages; the pulse length, tp; and the ratio of time windows, t1/t2, for which the differential signal, ΔC, was calculated for the capacitance relaxation curves taken with the time step, td, indicated on the figures. After the H plasma treatment, the E2 (Fe) acceptor centers were suppressed, revealing another prominent electron trap at EC−0.74 eV, the so-called E2* center [30] also present in DLTS spectra of the starting samples, but masked by the dominant E2 (Fe) acceptor traps. Once those were removed by H plasma treatment, leading to their passivation with H donors, the signal from the E2* traps became the major feature of the spectra. The origin of the E2* traps is under debate, but it has been suggested based on theoretical modeling that they could be due to VGa-VO divacancies, possibly complexed with hydrogen [46,52]. The E3 centers have reduced concentration after plasma exposure, possibly indicating passivation by atomic hydrogen. The spectra in Figure 2a–c were measured with low bias, thus mainly probing the surface region. The E2* concentration after the treatment was considerably higher for the two (    2  ¯  01  ) samples, with a higher concentration of H available for complex formation. For the (  010  ) sample, the spectra after irradiation contained two more electron traps, E1 (EC−0.6 eV) and E8 (EC−0.28 eV), often introduced by high-energy irradiation of β-Ga2O3 [37]. The E1 trap has been recently associated with donor complexes of Si donors with H [46]. They are clearly visible in the spectra of the sample β-GaO-3 before H plasma treatment in Figure 2b because this was previously treated in molecular hydrogen [28]. After H plasma treatment, all spectra showed a broad, high structureless signal in the low-temperature region whose nature is yet to be understood. Currently, it is believed that the Ga vacancies in β-Ga2O3 mostly are present as split VGai configurations rather than simple unrelaxed vacancies [30,41,45].



It appears that the effects of H plasma in β-Ga2O3 can be enhanced if the density of Ga vacancies is artificially increased by high-energy particle irradiation. This is of interest if one wants to check the possibility of boosting the efficiency of hydrogen-forming acceptor (VGa-nH) complexes to form a surface p-type layer [32]. The authors of the latter study claim to have achieved this result by high-temperature ampoule annealing in molecular H2 of properly pre-conditioned β-Ga2O3 crystals.



We tried to achieve this goal by irradiation of n-type β-Ga2O3 HVPE-grown films on a heavily Sn-doped n+ EFG-grown substrate. The sample had the orientation of (001), which should behave in terms of hydrogen diffusion similarly to the (    2  ¯  01  ) samples discussed above because of the absence of the low atomic density channels and facilitating H and defect mobility. This means a low hydrogen diffusion depth combined with high surface solubility if enough defects that serve as hydrogen traps are created.



In this experiment, we first tried performing 1 MeV oxygen implantation with a high fluence of 1016 cm−2 that created the bulk Ga vacancy concentration in the peak located near 1.2 µm (with the full range of O ions of 1.4 µm) of about 1019 cm−3 and the bulk vacancy concentration over 1020 cm−3 in the peak [67]. The sample had a net donor density of 1016 cm−3. The results of such O implantation are illustrated in Figure 3. O implantation creates a surface layer with a thickness close to the oxygen ion range (1.4 µm) bereft of mobile charge carriers and behaving in a way like a metal–insulator–semiconductor (MIS) structure, with the “insulator” formed by the highly defective oxygen implanted region (Figure 3a).



DLTS spectra measured for the sample before O implantation showed the presence of the dominant E2, E2* and E3 centers commonly observed in n-type β-Ga2O3 grown by HVPE on native n+ β-Ga2O3 substrates (Figure 3b). DLTS spectra measurements of the quasi-MIS structure formed by O implantation showed signals due to the same traps with the addition of the E8 traps due to radiation defects [37]. These spectra were taken with reverse bias on the MIS structure of −1 V and a forward bias pulse of +1 V and thus probed the region of the interface between the undamaged β-Ga2O3 matrix and the O-implanted damaged region. After H plasma treatment, the C−V profile presented in Figure 3a displays the near-surface region of high electron concentration of about 0.3 µm with a long tail of low net donor density extending into the implanted region to 1.2 µm (Figure 3a). DLTS spectra taken with the bias of −1 V and the forward bias pulse of 1 V, and which thus probed the surface region, are shown in Figure 3b. These demonstrate complete suppression of the E2 traps due to Fe acceptors, with an enhancement of the E2*, E3 and E8 traps. Overall, these results are in line with those obtained after H plasma treatment of the as-grown β-Ga2O3 samples with the (    2  ¯  01  ) orientation.



The most likely explanation is that hydrogen enters from the plasma and forms donor complexes with abundant VGai formed by O ions. This results in an increased shallow donor concentration. The C−V profiles suggest that the number of H ions introduced from plasma exposure is sufficient to saturate up to the (VGai−4H) state of ~2 × 1017 cm−3 vacancies to a depth of ~0.3 µm. Thus, the density of H ions overshoots the density of Ga vacancies created by irradiation, and the acceptor states due to VGai-nH complexes, if they are formed, are formed deeper inside the sample. This was indirectly confirmed by C−V profiling with the monochromatic illumination photocapacitance spectra (LCV spectra [36]) displayed in Figure 3c. Before the O irradiation, the main feature of the spectra was due to acceptors with an optical ionization threshold near 1.3 eV. After O implantation, a very prominent center with an optical ionization energy close to 2.3 eV attributed to the VGai acceptors emerged. After H plasma treatment, this center was fully quenched because of the formation of complexes with H ions [30].



The above observations suggested that in order to get into the regime where the formation of acceptor complexes with hydrogen from plasma will prevail, the density of radiation defects should be strongly increased, but in such a way as to form predominantly shallow acceptors [32]. To this end, we further irradiated this sample with a higher O fluence of 4 × 1016 cm−3.



The as-implanted sample showed a low current with a current density of 10−9 A/cm2, the capacitance indicating a full depletion of the top 1.4 µm near the surface and the capacitance–voltage characteristic typical for a quasi-MIS structure, with the O-implanted region standing for the “insulator”.



After H plasma treatment, the capacitance versus voltage characteristic was that of an MIS structure (Figure 4). The spectral dependence of these “MIS” characteristics could be deconvoluted into the “oxide” insulator capacitance and the capacitance of the n-region using the values of capacitance in accumulation and depletion [66]. The “oxide” thickness, dox, in the dark was close to the thickness of the heavily damaged region but slightly lower (1.26 µm). With illumination, the thickness of this “oxide” high-resistivity region was first slightly increased to 1.4 µm with a photon energy of 1.35 eV and then gradually decreased with increasing photon energy (Figure 4b). These changes were due to carrier trapping and detrapping effects. The capacitance in depletion behaved correspondingly, indicating that the effective width of the insulating region was also spectrally dependent because part of the implanted layer adjacent to the Schottky diode became more conducting. The corresponding spectral dependence of photocapacitance in accumulation,   ∆  Cph (high), is shown in Figure 4c. We observed the spectral shift of the voltage corresponding to transition from accumulation to depletion, which allowed us to estimate the change in the sheet density, Ns, of the charge generated in the high-resistivity region from Ns = C(accumulation) × ΔV/(q × S) [66], where C (accumulation) is the capacitance in accumulation, ΔV is the shift of the C−V curve caused by illumination with photons of the given wavelength, q is the charge of the electron and S is the diode area. We did not see evidence of the formation of a conducting n-type or p-type layer at the surface. This might be due to the fact that the density of Ga vacancies greatly increased compared to the 1016 cm−2 O fluence irradiation and the concentration of hydrogen being only sufficient for producing compensating acceptors of VGa, with hydrogen giving rise to the high resistivity. With the (001) orientation, the hydrogen penetration into the sample was 0.3 µm. The situation could become better if HVPE samples with the (  010  ) orientation were used, so the possibility of achieving the p-n conversion at the surface by H plasma treatment has yet to be proved. Given the situation with respect to variations in defect density created by implantation and the density of hydrogen available for diffusion and complex formation, the task of finding conditions suitable for the preparation of p-type surface films in that way would require optimization.




3.2. α-Ga2O3


We studied two samples of undoped α-Ga2O3 grown by HVPE in the as-grown state and after H plasma treatment. Figure 5a presents the dark current density dependence on voltage for sample GO1058-2 at 300 K in the dark and under illumination with a wavelength of 277 nm and a dark current density at 402 K, all measured on a Ni Schottky diode. There was no rectification in the Schottky diode because of the high resistance of the sample limiting the current flow. The temperature dependence of the current was strong, and the sample showed a high photocurrent obtained under illumination with 277 nm at an optical output power density of 15 mW/cm2. Figure 5b displays the temperature dependence of the current density measured at 5 V after illumination at room temperature and heating up in the dark to 400 K (magenta line), during subsequent cooling down to 140 K in the dark (black line), and after illumination at 140 K and heating up (blue line). From the temperature dependence during cooling from 400 K in the dark (black line), the Fermi level in the film was pinned near EC−0.6 eV. The peaks of the blue and magenta lines corresponding to carrier emission from deep traps filled with light at lower temperature (thermally stimulated current (TSC) [71]) indicate the presence of centers with ionization energies of 0.3, 0.5 and 0.6 eV. Such centers are often observed in undoped HVPE-grown α-Ga2O3 [59]. The PICTS spectra measurements in Figure 5c point to the existence of 0.3 and 0.6 eV traps, also seen in Figure 5b, and an additional deep trap near EC−1.2 eV often encountered in α-Ga2O3 films. The photocurrent at the 5 V spectrum in Figure 5d shows traps filled with electrons and having optical ionization thresholds of 1.3 eV, 2.3 eV and 3.1 eV. No capacitance could be measured for such an as-grown undoped sample.



After the hydrogen plasma treatment, the capacitance of the sample was easily measured and the carrier density was high (9 × 1018 cm−3), similar to the capacitance of the heavily Sn-doped α-Ga2O3 film with a net donor density of 8.4 × 1018 cm−3 (Figure 6a). No signal from deep traps could be detected in the H plasma-treated sample, in contrast to the Sn-doped sample, where deep traps near EC−0.3 eV and EC−1.2 eV with concentrations near 6 × 1016 cm−3 and 2 × 1016 cm−3, respectively, could be seen (Figure 6b).



For the second undoped α-Ga2O3 sample, GO-1062-2, with properties before hydrogen plasma treatment similar to those of GO-1058-2 hydrogen plasma exposure, there was also a dramatic increase in the capacitance of the Schottky diodes prepared on the treated film (Figure 7a). Cooling the sample to 130 K led to some decrease in capacitance because of freezing out of electrons supplied by the centers introduced by the H plasma. However, illumination with the 277 nm LED increased the capacitance up to the level comparable with room temperature by additional injection of carriers. This capacitance was persistent after the light was switched off and even after the forward bias pulse of 10 s and 1 V was applied. Capacitances at different frequencies measured after illumination remained considerably higher than for the measurement while cooling in the dark up to temperatures close to 400 K, thus suggesting the existence of a barrier for the capture of electrons by centers introduced by the H plasma, similar to the well-known case of DX-like centers [28]. The density of such centers supplying electrons was quite high, close to 1019 cm−3, but slowly decreased with depth (Figure 7c).



To sum up the above observations: H plasma treatment of undoped, highly resistive α-Ga2O3 films grown by HVPE on sapphire creates a very high density of centers supplying electrons up to ~1019 cm−3 at room temperature. These centers demonstrate negative-U DX-like behavior implying the presence of a barrier for the capture of electrons photoexcited from the centers at low temperatures. Such centers could be useful in α-Ga2O3-related device technology since standard methods of Si ion implantation and annealing present a problem for α-Ga2O3 because of the low thermal stability of that polymorph. An additional bonus is that the hydrogen plasma produced heavily conducting n-type layers which do not show the high densities of deep traps characteristic of heavily Sn-doped films. It is necessary, however, to check the thermal stability of these H plasma-treatment effects.




3.3. κ-Ga2O3


As discussed in the Introduction, κ-Ga2O3 is of high interest both scientifically and practically because of the high spontaneous electrical polarization field, which greatly exceeds that of GaN or AlN. This has the potential for making possible heterojunction field-effect transistors with very high densities of the two-dimensional electron gas (2DEG) and high saturation currents. The main obstacle to the realization of this potential is the tendency of κ-Ga2O3 films to grow in the form of 120° rotational nanodomains, which strongly handicaps the in-plane current density. One of the ways to partly improve this situation has been proposed by Oshima et al. [64], who used the epitaxial lateral overgrowth (ELOG) approach to radically decrease the density of dislocations and to suppress the formation of rotational nanodomains in the laterally overgrown wings of the ELOG structures deposited on basal-plane sapphire with a thin TiO2 buffer [64]. In earlier work, we used the recipe proposed by Oshima et al. [64] to grow κ-Ga2O3 films with reduced dislocation density and single-domain κ-Ga2O3 structures in the wings and studied the electrical properties, deep trap spectra, and photocurrent and photocapacitance spectra of undoped and Sn-doped ELOG κ-Ga2O3 films. These experiments showed that, even with Sn doping, the donor concentration was quite low, only about 5 × 1012 cm−3.



After H plasma treatment, the capacitance became very high even for undoped samples. Figure 8a shows the data for one such undoped sample at room temperature in the dark and under 277 nm illumination. The concentration obtained from C−V profiling was close to 1019 cm−3 but gradually decreased away from the surface (Figure 8b). The profiles showed sensitivity to light and to heating and cooling under bias, but these features need better understanding. Cooling the sample in the dark led to about 20% decrease in capacitance on the plateau of the C−f dependence. (Figure 8c shows the data for several frequencies on the plateau and for the region of capacitance roll-off with frequency.) After illumination, the capacitance on the plateau became slightly higher than at room temperature and remained persistently high at low temperatures. As the temperature after illumination was increasing, the persistent capacitance stayed virtually unchanged and started to decrease and merged with the dark capacitance in the C versus T dependences above 410 K, slightly increasing with frequency. This behavior is similar to the one observed for the undoped α-Ga2O3 film subjected to plasma treatment (Figure 7b). The activation energies of the carriers that freeze out in the dark as measured in the forward current temperature dependence are also similar, close to 0.1 eV. However, for the ELOG κ-Ga2O3 sample there is a distinction. For frequencies higher than those corresponding to the plateau in the C−f dependence, the temperatures of merging of the persistent and dark C−T curves are lower than for frequencies on the plateau. Moreover, the temperatures of the merging become lower for increasing frequencies. The phenomenon is not fully understood but could be related to the fact that the ELOG κ-Ga2O3 films consist of high-crystalline-quality window regions with a width of 20 µm and of highly defective wing regions with a width of 5 µm. Our measurements performed for Sn-doped films suggest that the wing regions are more resistive and that there is a potential barrier for electrons to penetrate from the wing into the window region. When measuring the capacitance on the C−f plateau, one mostly probes the higher area wing region. However, for frequencies higher than the frequencies corresponding to the plateau, the measured capacitance, C(f), decreases with angular frequency, ω = 2πf, compared to the frequency on the plateau, C0, as C(ω) = C0/[1 + (ωRsC0)2] and is a strong function of the series resistance, Rs [71]. In ELOG κ-Ga2O3, Rs is a function of the potential barrier height between the wing and the window. Illumination decreases this barrier height and increases the capacitance at a high frequency, but the barrier height between the two regions must be lower than the barrier height for the capture of electrons by the centers supplying electrons. This leads to a lower temperature of merging between the dark capacitance and persistent capacitance. However, the detailed picture needs to be established from additional experiments.




3.4. γ-Ga2O3


The fabrication of these samples is described briefly in the Materials and Methods section. The properties of the samples γ-GO2 and γ-GO3 implanted with Ga ions at 1.7 MeV (fluence: 6 × 1015 cm−2) at room temperature and with 300 keV Si (fluence: 1015 cm−2) and 36 keV Si (fluence: 2 × 1014 cm−2) at 200 °C (sample γ-GaO2, also further annealed to 600 °C) or 400 °C (sample γ-GaO3) have been discussed in some detail previously [69]. Here, we additionally present the results for sample γ-GaO1 implanted only with Ga at room temperature. All samples were prepared by implantation into commercial (010)-oriented β-Ga2O3 EFG-grown bulk crystals compensated with Fe [32]. In the as-implanted state, all samples were highly resistive, with the Fermi level pinned near EC−0.8 eV and the presence of strong potential fluctuations [69]. Structural characterization showed that, after implantation, a thin layer of γ-Ga2O3 with a thickness close to 1 µm was formed. The hydrogen plasma treatment of the Ga-implanted sample γ-GaO1 led to the formation of a conducting layer with a very high capacitance that froze out at 80 K but showed a prominent photocapacitance due to 277 nm illumination that brought the capacitance value to a level close to the one at room temperature. The concentration of the centers responsible for the high capacitance was about 1019 cm−3 at room temperature, based on the results of C−V profiling at room temperature (Figure 9b). This capacitance was persistent and required heating above 400 K to return to the dark value, as can be seen from Figure 9c. The activation energy of the dark current of the forward-biased Schottky diode when cooling in the dark was 95 meV (Figure 9d). This behavior bears a striking resemblance to that shown above for the H plasma-treated α-Ga2O3 and κ-Ga2O3.



The samples γ-GaO2 and γ-GaO3 implanted with Ga and Si showed much lower net donor concentrations of (3–3.5) × 1012 cm−3. Figure 10a shows the corresponding 1/C2 versus V plot for sample γ-GaO2. Both samples were reasonably photosensitive. Figure 10b shows the spectral dependence of the Schottky diode photocurrent at −3 V for samples γ-GaO2 and γ-GaO3. The photosensitivity was 20 times higher for sample γ-GaO3, and both samples showed optical thresholds of 1.3–1.5 eV and 2 eV. The photocapacitance spectra of both samples showed similar optical ionization thresholds. Figure 10c shows the results for sample γ-GaO2.



As discussed in the Introduction, the results of structural studies for γ-Ga2O3 layers converted from β-Ga2O3 by ion implantation strongly suggest that, structurally, these films are exceptionally radiation tolerant, which is attributed to the peculiar atomic arrangement of γ-Ga2O3 with the structure of cubic defect spinel with a high density of stoichiometric Ga vacancies [25]. There is, however, a question of whether the electrical and optical properties of such films will be of interest for electronic devices. As we saw, the two samples implanted with Ga and Si and treated in H plasma showed a low donor density and measurable photocurrent and could be of interest for trying to fabricate electronic or optoelectronic devices, provided the properties could be improved by optimization.



The other question is whether the radiation tolerance of such structures when assessed by electrical and photoelectrical measurements will indeed be superior to the more established β-Ga2O3. To this end, we compared the electron removal rates in one of the gamma-phase γ-Ga2O3 films, sample γ-GaO2, irradiated with 1.1 MeV protons with a fluence of 2 × 1014 p/cm2, with that observed in the bulk (001)-oriented β-Ga2O3 sample with a much higher net donor density of 4.3 × 1016 cm−3. The β-Ga2O3 film was fully compensated by such irradiation down to the depth corresponding to the range of 1.1 MeV protons. At the same time, for the sample γ-GaO2 with a much lower electron density of 3 × 1012 cm−3, such proton irradiation only slightly increased the net donor concentration to 5 × 1012 cm−3 (Figure 10a) and only slightly decreased the photosensitivity (Figure 10c).



An interesting question is why the performance is so different for the sample implanted only with Ga and the two samples implanted additionally with high doses of Si. In a simplistic picture, the donors we observe after hydrogen plasma treatment come from: (a) the formation of H complexes with defects, resulting in shallow donors; (b) hydrogen passivation of deep compensating acceptors, thus activating the residual shallow donors; or (c) hydrogen interaction with residual donors, forming deep donor centers. Unfortunately, we know little about the properties of defects and impurities in γ-Ga2O3. General considerations suggest that Fe, which creates a deep compensating acceptor in β-Ga2O3, will behave similarly in γ-Ga2O3 and thus easily form neutral complexes with hydrogen, thus increasing the density of uncompensated residual donors this way but also “wasting” some of the mobile hydrogen that would otherwise form donor complexes with Ga vacancies. If one additionally introduces defects created by Si implantation (whose density is very high in the samples γ-GaO2 and γ-GaO3), the budget of H ions available for increasing the density of electrons could be further moved towards lower values. Some of the products of H interaction with Si-related defects could form deep centers not effective in producing free electrons. In β-Ga2O3, for example, the complexes of Si with hydrogen have been proposed to give rise to deep donor centers near EC−0.6 eV [46]. If this happens in γ-Ga2O3, it would explain the lower efficiency of electron introduction in the samples with combined implantation of Ga and Si. It would seem advisable to repeat the Ga implantation into β-Ga2O3 experiment with samples that do not have high densities of in-grown or implantation related defects that could compromise the effective formation of H-related centers supplying electrons.





4. Conclusions


	
In all four Ga2O3 polymorphs treated in dense hydrogen plasma, such treatment has a strong effect on the density of centers supplying electrons and on the density of deep electron and hole traps.



	
The similarity of effects in β-, α-, κ- and γ-polymorphs, such as the introduction of a high density of centers supplying electrons, the prominent persistent photoconductivity and photocapacitance, and the similarity of concentrations of such defects introduced by the same kind of hydrogen plasma, limit the range of defects that could be feasible candidates. Such candidates could be hydrogen species, e.g., interstitial hydrogen donors or hydrogen complexes with omnipresent structural defects, likely Ga vacancies, either simple vacancies or split vacancies that are expected to be predominant in all polymorphs.



	
The most likely explanation of the observed phenomena seems to be the formation of donor-like complexes of interstitial hydrogen interaction with relaxed or split VGa, with 4Hi and acceptor-like complexes including (2–3) H ions with vacancies.



	
The end result depends on the relative number of VGa and Hi determining the relative concentration of VGa−4H complexes (donors) and VGa−2H complexes (acceptors). This is a function of the number and type of defects created by either H plasma or by irradiation of high-energy ions; at least for β-Ga2O3, crystal orientation plays an important role, with the (010) orientation being conducive to deeper H penetration.



	
H is effective in “passivating” acceptor centers (Fe, Mg, N and VGa), influencing compensation and recombination.



	
H plasma treatment could prove to be useful in the preparation of contact n+ layers in metastable polymorphs not amenable to standard Si implantation and high-temperature annealing commonly requiring annealing temperatures not compatible with the preservation of the metastable polymorph intact.



	
All the work desribed here shows that hydrogen has a major influence on the electrical properties of all the polymorphs of Ga2O3 and that attention must be paid to its incorporation during growth and processing steps.
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Figure 1. (a) Concentration profiles calculated from C−V measurements for (010) β-Ga2O3 samples treated in H plasma. (b) The same for the (    2  ¯  01  ) sample. The initial (starting) carrier profiles (red) and those after H plasma exposure (purple) are shown. 
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Figure 2. DLTS spectra in the (    2  ¯  01  ) samples (a) and (c) and the (  010  ) β-Ga2O3 sample with the (  010  ) β-Ga2O3 orientation sample (b). 
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Figure 3. (a) Evolution of concentration profiles in the β-Ga2O3 sample irradiated with 1016 cm−2 1 MeV O ions. (b) DLTS spectra measured for the starting sample (black line) and for the sample after O implantation (red line) and after O implantation and H plasma treatment (blue line). The olive line corresponds to DLTS spectra measurements in the undamaged bulk of the O-implanted and H plasma-treated sample probed with an applied bias of 5 V and a forward bias pulse of −3 V. (c) LCV measurements for the samples. 






Figure 3. (a) Evolution of concentration profiles in the β-Ga2O3 sample irradiated with 1016 cm−2 1 MeV O ions. (b) DLTS spectra measured for the starting sample (black line) and for the sample after O implantation (red line) and after O implantation and H plasma treatment (blue line). The olive line corresponds to DLTS spectra measurements in the undamaged bulk of the O-implanted and H plasma-treated sample probed with an applied bias of 5 V and a forward bias pulse of −3 V. (c) LCV measurements for the samples.



[image: Crystals 13 01400 g003]







[image: Crystals 13 01400 g004] 





Figure 4. (a) C−V characteristics measured for the sample implanted with 4 × 1016 cm−2 oxygen ions and treated in H plasma, with corresponding LED irradiation wavelengths. (b) The spectral dependence of the effective “oxide” thickness calculated from C−V characteristics in (a); also shown is the dark value. (c) The photocapacitance spectrum of the ΔCph (high). (d) Estimated densities and signs of deep traps in the implanted insulating layer. 
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Figure 5. (a-GO1058-2) (a) I−V characteristics of undoped α-Ga2O3 film at room temperature in the dark, at room temperature with 277 nm LED illumination and in the dark at 402 K. (b) TSC spectra of the sample. (c) PICTS spectra. The uppermost curve is for the time window of 150 ms/750 ms; the lowermost curve is for the time window of 2550 ms/12,750 ms. (d) The spectral dependence of the photocurrent density at 5 V for undoped α-Ga2O3 film. 






Figure 5. (a-GO1058-2) (a) I−V characteristics of undoped α-Ga2O3 film at room temperature in the dark, at room temperature with 277 nm LED illumination and in the dark at 402 K. (b) TSC spectra of the sample. (c) PICTS spectra. The uppermost curve is for the time window of 150 ms/750 ms; the lowermost curve is for the time window of 2550 ms/12,750 ms. (d) The spectral dependence of the photocurrent density at 5 V for undoped α-Ga2O3 film.



[image: Crystals 13 01400 g005]







[image: Crystals 13 01400 g006] 





Figure 6. (a) Comparison of C−f characteristics of the H plasma-treated α-Ga2O3 sample and the α-Ga2O3 sample doped with Sn (both have similar electron concentrations close to 8 × 1018 cm−3 at room temperature. (b) DLTS spectra of the Sn-doped sample (the data shown are for the time windows 0.35 s/3.5 s and 3.5 s/35 s). 
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Figure 7. (Color online) (a) C−f characteristics measured for the H plasma-treated α-Ga2O3 film at room temperature, at 130 K in the dark and at 130 K under 277 nm LED illumination. (b) Capacitance versus temperature measurements at 20 Hz and 200 Hz performed while cooling down in the dark (blue lines) and after illumination at low temperature (red lines). (c) Concentration profile measured in the dark at room temperature. 
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Figure 8. (a) C−f characteristics of the undoped ELOG k-Ga2O3 sample treated in H plasma measured at room temperature in the dark and under 277 nm LED illumination. (b) Concentration profile at room temperature. (c) C−T measurements performed at 20 Hz, 10 kHz, 20 kHz, 30 kHz, 50 kHz, 100 kHz and 200 kHz while cooling in the dark (blue lines) and after illumination at low temperature (red lines). The frequency of 20 kHz (thick lines) corresponds to the start of the capacitance roll-off due to the series resistance effects. 
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Figure 9. (a) The 300 K and 80 K dark C−f characteristics and 80 K C−f characteristic measured under 277 nm LED illumination. (b) Concentration profile. (c) C−T characteristics measured while cooling in the dark (blue lines) and while heating up after illumination for different measurement frequencies. (d) TSC spectra for the γ-GaO1 sample implanted with Ga. 
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Figure 10. (a) C−V characteristics of sample γ-GaO2 after H plasma treatment and after additional irradiation with 2 × 1014 p/cm2 1.1 MeV protons. (b) Spectral dependences of photocurrent at −3 V for samples γ-GaO2 and γ-GaO3 after H plasma treatment. (c) The spectrum for γ-GaO2 after additional proton irradiation with 2 × 1014 p/cm2 of 1.1 MeV protons; photocapacitance for sample g-GaO2 before and after irradiation with 2 × 1014 p/cm2 1.1 MeV protons. 
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