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Ion bombardment provides an opportunity to study basic properties of intrinsic defects 

in the materials since the accumulation of the radiation induced disorder depends on the 

balance between defect generation and migration rates. In particular, variation of such 

parameters as irradiation temperature and ion flux, known in literature as dose-rate 

effect interconnects the macroscopically measured lattice disorder with the migration 

barrier of the dominating defects. In this work, we measured the dose-rate effect in 

monoclinic gallium oxide (-Ga2O3) and extracted its activation energy of 0.80.1 eV in 

the range of 25-250 C. Accounting that the measurements were performed in the Ga-

sublattice and considering 0.80.1 eV in the context of theoretical data, we interpreted it 

as the migration barrier for Ga vacancies in -Ga2O3 limiting the process. Additionally, 

we observed and took into account an interesting form of the lattice relaxation due to 

radiation-induced disorder buildup, interpreted in terms of the compressive strain 

accumulation, potentially trigging phase transitions in Ga2O3 lattice. 
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Understanding of intrinsic defect energetics and, in particular, their migration 

barriers is of paramount importance in semiconductors. Indeed, point defects and their 

complexes affect almost all physical properties of materials and knowing their 

parameters is critical for defect control needed for the realization of electronic devices. 

Thus, an effort has been undertaken to deduce these parameters, gradually moving the 

focus from well-understood semiconductors to new materials attracting attention of the 

semiconductor community. At present, theoretical predictions of defect migration 

barriers provide invaluable inputs to guide the research [1]. On the other hand, 

conclusive experimental measurements of the defect migration barriers are rare. One of 

the direct methods typically used for studies of defect energetics is based on self-

diffusion measurements e.g. as demonstrated for Si [2], SiGe [3], ZnO [4], etc. In its 

turn, ion bombardment provides possibilities for defect control in the irradiated 

materials and it can be used for the investigation of intrinsic defect properties [5-10]. 

Nevertheless, the experimental data are incomplete even for relatively mature 

semiconductors and, in particular, missing for such new interesting material as gallium 

oxide (Ga2O3); currently arresting attention of the semiconductor research community 

and mostly known in its thermodynamically stable beta-phase, i.e. as β-Ga2O3.  

The research interest to β-Ga2O3 is promoted by its promising applications for the 

next generation power electronics, deep UV photodetectors, advanced solar cell 

passivation, etc. [11,12]. Moreover, as an ultra-wide band gap semiconductor Ga2O3 has 

a potential for use in harsh environments such as space missions, nuclear fusion/fission 

reactors and high energy physics experiments [13]. In all these applications, deeper 

understanding of defect generation and their migration properties is crucial for long time 

reliable operation of electronic devices [13-15]. Finally, it should be mentioned that due 

to its low symmetry, there are multiple nonequivalent matrix sites in Ga2O3 and, 

consequently, corresponding defects. E.g., there is a plethora of corresponding 
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vacancies and vacancy complexes in β-Ga2O3, attracting attention of both theoreticians 

[16] and experimentalists [17]. From the theoretical side, Kyrtsos et al. [18] have 

predicted relatively low migration barriers for point defects in -Ga2O3, depending on 

the charge state and migration path. Specifically, the migration barriers for gallium 

vacancy (VGa) and oxygen vacancy (VO), were reported in the range of 0.5-2.3 and 1.2-

4.0 eV, respectively [18]. Meanwhile, in earlier work Blanco et al. obtained even lower 

values, reporting migration barriers of 0.1 and 0.5 eV for VGa and VO, respectively [19]. 

Notably, the migration barriers for self-interstitials were estimated to be even lower in 

energy [19]. Very recently, VGa migration barrier of 1.2 eV was experimentally 

estimated by Ingebrigtsen et al. by investigating the electrical conductivity recovery as a 

function of post irradiation anneals in -Ga2O3 [20]. However, this value measures, in 

the first place, the thermal stability of already formed secondary defects, potentially 

including the dissociation energetics too. Thus, in reality the verification of the intrinsic 

defect migration barriers in -Ga2O3 still remain to be done.  

In the present work, we do such experimental estimate of intrinsic defects 

mobility by measuring so called dose-rate effect in -Ga2O3. Indeed, the dose-rate effect 

methodology was previously applied to other semiconductors by doing Rutherford 

backscattering spectrometry channeling (RBS/C) measurements of the lattice disorder. 

It should be noted that often the dose-rate affect (or ion flux effect) referred to the 

dependence of the damage formation as a function of the ion flux only, for a fixed 

implantation temperature [21]. In contrast, in the present paper we use more general 

approach and measure the dose-rate effect by simultaneously varying the ion irradiation 

flux and the sample (irradiation) temperature [8,10]. The flux determines the average 

time interval between neighboring collision impacts, while the temperature controls the 

defect migration and annihilation – altogether affecting the lattice disorder build-up. 
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Thus, the activation energy of this process, often referred as the activation energy of the 

dose-rate effect, is correlated with the migration barrier of the dominating defect under 

investigation.  

By applying the above mentioned methodology to -Ga2O3 in the temperature 

interval of 25-250 C, we extracted the activation energy of 0.8 eV and correlated it 

with migration barrier for VGa, consistently with the theoretical data [18] and also 

because the disorder was measured in the Ga-sublattice. Moreover, in the course of the 

studies, we observed and took into account an interesting form of the lattice relaxation 

in -Ga2O3 due to radiation-induced disorder buildup interpreted in terms of the 

compressive strain accumulation, potentially trigging phase transitions in Ga2O3 lattice.  

Monoclinic (010) -Ga2O3 single crystals, purchased from Tamura Corp., were 

implanted with 400 keV 58Ni+ ions in a wide range of ion fluxes (J = 8×1010 - 5×1012 

at.cm-2s-1) and irradiation temperatures (Ti = 25-300 C) keeping the total accumulated 

ion dose constant at 6×1013 Ni/cm2. Notably, the irradiation times corresponding to the 

ion fluxes used in the present work, were in the range of 12-750 s, so even for the 

highest dose-rate used there were no extra heating of the samples due to ion irradiation. 

Importantly, the total accumulated dose was small enough to neglect chemical effects of 

Ni in -Ga2O3 lattice. The implantations were performed in vacuum, maintaining 7° off-

normal orientation of the samples to minimize channeling. After implantations the 

samples were measured by RBS/C using 1.6 MeV He+ ions incident along [010] 

direction and backscattered into a detector placed at 165 relative to the incident beam 

direction. All RBS/C spectra were analyzed using one of the conventional algorithms 

[22] for extracting the effective number of scattering centers (referred to below as 

‘relative disorder’). It should be noted that only Ga-parts of the RBS/C spectra were 

analyzed in details because of the higher sensitivity of the technique as compared to the 
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O-related signals - due to the mass difference (the Ga signal is higher by the factor of 

~15 as compared to that of O for the same concentration). Thus, the activation energy of 

the dose-rate effect was calculated for Ga-sublattice only. In addition, X-ray diffraction 

(XRD) 2theta measurements were performed using Bruker AXS D8 Discover 

diffractometer using Cu Kα1 radiation in locked-coupled mode. The strain accumulated 

due to the defect generation was estimated from the observed shoulder peak positions 

on the high-angle side of the characteristic (020) β-Ga2O3 peak by converting the 

angular difference into the lattice parameter and corresponding compressive strain. The 

characteristic XRD peak positions for κ-Ga2O3 and ε-Ga2O3 were calculated using the 

VESTA program [23], from the unit cells by Cora et al. [24] and Sharma et al. [25], 

respectively. 

Fig 1 shows relative disorder accumulation in Ga-sublattice, as measured by 

RBS/C, as a function of the ion flux and irradiation temperature. The RBS/C spectra in 

Fig. 1 are characterized by well resolved Gaussian-shape damage peaks located close to 

the position of the nuclear energy loss profile maximum (Rpd=125 nm according to the 

SRIM code simulations [26] and marked by the arrow in Fig. 1(a)). The amplitudes of 

the peaks are well below the amorphization level that is equivalent to the height of the 

random spectrum. The implants at elevated temperatures lead to the dynamic annealing 

enhancement and significant decrease of the relative disorder already for the 150 and 

200 C implants as compared to room temperature (see Fig. 1(a)). Further increase of 

the irradiation temperature to 250 C leads to dramatic reduction of the radiation-

induced disorder, as verified by the corresponding RBS/C spectrum moving very close 

to the virgin one. Importantly, the complimentary role of the ion flux on defect 

accumulation is illustrated by the RBS/C spectra of the samples implanted at 150 C 

with a range of ion fluxes, see Fig. 1(b). It is seen, that the relative disorder decreases 
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with lowering the ion flux; however, not gradually as will be evident by considering the 

activation nature of the process.  

The process observed in Fig. 1 is a clear manifestation of the dose-rate effect. 

Fig.2 illustrates the corresponding schematics of the processes, where the effective 

cascade areas determined by the diffusion of defects, escaped from the thermalized 

collision cascade core, are shown by tear-shaped regions. Increasing the ion flux at the 

fixed irradiation temperature increases the probability of appearing neighboring 

collision cascades (labeled as 2) within a time interval when the defects from the first 

impact (labeled as 1) are not yet annihilated or stabilized (ts). That should lead to the 

overlap of the effective collision cascades and, therefore, increase the number of 

defects, as illustrated by the left-hand side plot in Fig. 2(a). The average overlapping 

time of collision cascades (tov) is an inverse function of ion flux, so that tov ~ J-1. The 

strength of the dose-rate effect depends on the interrelation between tov and ts, so that it 

is the most pronounced for the condition of tov  ts (Ref. [27]). In its turn, dynamic 

annealing becomes more efficient with increasing temperature, so that the defect 

annihilation/stabilization occurs much faster resulting in the decrease of ts (right-hand 

side plot in Fig. 2(a)). Thus, if the ion flux is not high enough, so that tov > ts, the defects 

from the first cascade are stabilized or annihilate well before the second impact. Note 

that for clarity the effective cascade area of the first ion is shown by the reduced tear-

shaped region to highlight that this region contains much less mobile defects which can 

migrate and interact with those from the second impact. Therefore, the disorder 

accumulation due to cascade overlapping will be not as efficient as for the case of high 

ion fluxes or low irradiation temperatures. Thus, ion flux and irradiation temperature 

work together balancing defect generation and annihilation rates where one or another 

process can dominate depending on J/Ti values.  
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Taking into account the discussion above, the role of the irradiation temperature 

and ion flux on the disorder accumulation is schematically illustrated by the panels (b) 

and (c), respectively. It is seen that, the ion flux range, where the dose-rate effect 

occurs, shifts towards the higher values with increasing temperature (decrease of ts). In 

its turn, higher irradiation temperatures are required to see the dose-rate effect with 

increasing ion flux (decrease of tov). In either way, the activation energy of the dose-rate 

effect will characterize the dominating migration barrier for intrinsic defects.  

To unveil this activation energy, the maximum relative disorder, as deduced from 

the RBS/C results, is plotted as a function of irradiation temperature for three different 

ion fluxes in Fig. 3. It is clearly seen that the data shift to higher temperatures with 

increasing ion flux, consistently with the scenario described above and the observations 

in other semiconductors [4,5]. As it was demonstrated in literature, this trend illustrates 

the balance between defect generation and annihilation rates, so that the critical 

transition temperature for each ion flux can be determined according to an averaging 

methodology described elsewhere [28]. Thus, following this approach critical transition 

temperatures were determined for each ion flux by fitting the experimental data 

(symbols in Fig. 3) with an inverse exponential function (lines in Fig. 3). The inset in 

Fig. 3 shows the Arrhenius plot for the ion flux vs this critical transition temperature 

determined form the above mentioned procedure. As a result, the Arrhenius analysis 

gives an activation energy of Ea = 0.80.1 eV as a characteristic parameter for the dose-

rate effect in -Ga2O3.  

As discussed above and visualized by Fig. 2, the dose-rate effect is limited by the 

diffusion of the defects, so that Ea is related to the corresponding migration barriers. 

Notable in our experiment, all types of point defects, both in Ga and O sublattices can 

be generated in the collision cascades. Moreover, the migration barriers of point defects 
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depend on their charge states that widen the range of potential candidate responsible for 

the observations in Figs. 1 and 3 even further. However, typically interstitials are highly 

mobile even at low temperatures, inconsistently with Ea=0.8 eV. In its turn, vacancies 

are less mobile; more specifically, Ea=0.8 eV is out of the VO migration barrier range 

but in accordance with that for VGa [18]. Additional argument in favor of Ga-related 

defects to be responsible for Ea=0.8 eV is simply because we analyzed defect evolutions 

in Ga-sublattice with RBS/C. Thus, we interconnect Ea=0.8 eV from Fig. 3 with the 

migration barrier for VGa even though we cannot specify its exact configuration 

(tetrahedral or octahedral Ga sites). At this end, it is worth to repeat that for the 

conditions in Fig.1, the disorder buildup is governed by the dynamics of the defect 

formation during ion irradiation, allowing a direct determination of the defect migration 

parameters. Meanwhile, the experiments with the post implant anneals, in the first 

place, test the thermal stability of already formed defects, as it was done e.g. by 

Ingebrigtsen et al. [20]. 

Fig. 4 summarizes the XRD data of the irradiated samples (selecting the same 

samples as in Fig. 1 for comparison). Spectacularly, the XRD data are in agreement 

with RBS/C data. Indeed, the dominating peak at 60.9 in Fig. 4 is the signature of 

(020) -Ga2O3 diffraction. Using this peak as a reference, there is an interesting trend 

observed in Fig. 4 upon the implants. Indeed, additional distinct peaks appear on the 

high-angle side of the (020) -Ga2O3 peak. On the other hand, much less significant 

changes are observed on the low-angle side of the (020) -Ga2O3 peak.  

It should be noted that in majority of cases, the disorder accumulation is 

associated with the tensile strain buildup, e.g. in ZnO [29], SiC [30] and MoO3 [31]; 

moreover, the relaxation via tensile strain in the region implanted with light elements 

such as Mg and N was observed in -Ga2O3 too [32]. However, our results indicate 
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negligibly low level of the tensile strain accumulated in the lattice. In contrast, 

appearing of the high-angle reflections may indicate the compressive strain buildup in 

the lattice. Assuming the additional peaks on the high-angle side in Fig. 4 characterize 

the strained lattice, we calculated the magnitudes of this strain and correlated it with the 

relative disorder accumulation in the RBS/C experiment as illustrated by the inset in 

Fig. 4(b). Notably, compressive strain buildup was previously observed in ZnO 

implanted with Yb+ ions and authors suggested that this effect is attributed to the lattice 

parameter decrease due to ion-induced oxygen loss from the implanted layer [33]. This 

mechanism cannot be excluded despite that the oxygen loss should be more pronounced 

for higher irradiation temperature potentially leading to the higher strain, which is not 

the case in Fig. 4(a).     

In this context, another potential relaxation pathway specifically credible for 

Ga2O3 is associated with its multi-phase nature. Indeed, in addition to 

thermodynamically stable -Ga2O3, there are several higher energy phases, so that the 

disorder may enable formation of other phases instead (or in addition) of building up 

strain in -Ga2O3. Such ion-induced phase transitions were indeed detected by high 

resolution transmission electron microscopy performed in Ge+ ion implanted -Ga2O3, 

revealing the formation of metastable orthorhombic κ-Ga2O3 in addition to the defect 

clusters and extended defects throughout the entire implanted region [34]. A range of 

possible phases/planes calculated for κ- and -Ga2O3 are labeled by vertical lines in Fig. 

4. Even though, no perfect match is found for the additional reflections in Fig. 4, ion-

induced phase transitions cannot be excluded. Notably, the thickness of the ion-beam 

modified region (~250 nm) is much smaller as compared to the whole XRD probing 

volume (~12 m), so that the reflections from the new phases may not be well resolved. 

Moreover, compressive strain may still potentially occur in -Ga2O3 in response to the 
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new phase inclusions, consistently with observations of Anber et al. [34]. Finally, it 

should be mentioned that different sign of the ion-induced strain observed in Ref. 32 

(implanting Mg and N) and in the present work (Ni) may be attributed to the different 

orientation of the -Ga2O3 wafers used. Most importantly, the correlation between the 

RBS/C and XRD data – see the inset in Fig. 4(b) - provides interesting perspectives for 

further explorations. 

  

In conclusion, by studying radiation accumulation in (010) -Ga2O3 as a function 

of irradiation temperature and ion flux we observed the dose-rate effect. Accounting 

that, the ion flux determines the average time interval between neighboring collision 

impacts, while the temperature controls the defect migration, we interconnected the 

disorder accumulation with the migration barrier of the dominating defects. More 

specifically, we correlated the activation energy of the dose-rate effect Ea = 0.80.1 eV, 

with the migration barrier for the Ga vacancies in Ga2O3, consistently with the 

theoretical data. Additionally, we observed and took into account an interesting form of 

the lattice relaxation due to radiation-induced disorder buildup interpreted in terms of 

the compressive strain accumulation, potentially trigging phase transitions in Ga2O3 

lattice. 
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Fig. 1 (a) Relative disorder accumulation in Ga-sublattice as measured by RBS/C in 

(010) -Ga2O3 implanted with 6×1013 Ni/cm2 at 400 keV; for (a) different irradiation 

temperatures (Ti) keeping the same ion flux (5×1012 at. cm-2 s-1) and (b) different ion 

fluxes (J) keeping the same irradiation temperature (150 C). The random and virgin 

(unimplanted) spectra are shown for comparison. The maximum of the nuclear energy 

loss profile (Rpd) predicted with the SRIM code [26] simulations is shown in correlation 

with the Ga depth scale.  
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Fig. 2 (a) Schematics of the dose-rate effect balancing the irradiation temperature and 

ion flux where the ion labeled as 2 hits the surface in the vicinity of the collision 

cascade created by the first ion (labeled as 1). The characteristic time intervals for 

collision cascade overlapping (tov) and defect stabilization (ts) within effective 

individual cascades are labeled in the figure. The panels (b) and (c) illustrate of the role 

of the irradiation temperature for the different ion fluxes and ion flux for the different 

irradiation temperatures on the disorder accumulation for the constant ion dose.  
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Fig. 3 Maximum relative disorder as deduced from the RBS/C spectra in (010) -Ga2O3 

implanted with 400 keV Ni ions to 6×1013 cm-2 as a function of irradiation temperature 

for three different ion fluxes as indicated in the legend. The inset shows the Arrhenius 

plot used to extract the activation energy of the dose-rate effect in -Ga2O3. 
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Fig. 4 XRD 2theta scans across (020) reflection of the samples shown in Fig. 1 (a) and 

(b) illustrating the relaxation in ion implanted -Ga2O3. Vertical lines (light blue and 

orange) label potential positions for diffraction peaks in κ-Ga2O3 and ε-Ga2O3, 

respectively. The inset in panel (b) plots the correlation between the relative disorder 

and compressive strain attributing the magnitude of the lattice constant change to the 

minor peaks on the high-angle side of the main peak in Fig 4. 
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