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Abstract 
  

β-Ga2O3 bulk single crystals were doped by ion implantation at temperatures from room 

temperature to 1000 ºC, using a 300 keV Europium beam with a fluence of 11015 at/cm2. Rising 

the implantation temperature from room temperature to 400-600 ºC, resulted in a significant 

increase of the substitutional Eu fraction and of the number of Eu ions in the 3+ charge state as 

well as in a considerable decrease of implantation damage. Eu is found in both charge states 2+ 

and 3+ and their relative fractions are critically dependent on the implantation and annealing 

temperature, suggesting that defects play an important role in stabilizing one of the charge states. 

The damage recovery during post-implant annealing is a complex process and typically defect 

levels first increase for intermediate annealing temperatures and a significant recovery of the 

crystal only starts around 1000 ºC. Cathodoluminescence spectra are dominated by the sharp Eu3+ 

related intra-ionic 4f transitions lines in the red spectral region. They show a strong increase of 

the emission intensity with increasing annealing temperature, in particular for samples implanted 

at elevated temperature, indicating the optical activation of Eu3+ ions. However, no direct 

correlation of emission intensity and Eu3+ fraction was found, again pointing to the important role 

of defects on the physical properties of these luminescent materials. 

 

 

1. Introduction 
 

β-Ga2O3 is an emerging semiconductor with a wide band gap of about ~4.9 eV, considerably 

larger than that of other transparent conducting oxides [1–4]. Recent works have demonstrated a 

significant potential of this semiconductor for optoelectronic and electronic applications, mainly 

for high power devices, light emitting diodes (LED), lasers, transparent “intelligent” windows, 

solar cells, transparent thin-film electroluminescent devices, etc. [1,5–7]. β-Ga2O3 is also a 

promising substrate for high-current vertically structured GaN-LEDs combining  the transparency 

of sapphire with the conductivity of SiC, the typical substrates for commercial GaN-devices, [1,8–

10]. Furthermore, several works have been published establishing β-Ga2O3 as a host for rare earth 

(RE) ions due to its large band gap; most of these studies were based on thin-films and more 

recently nanostructures [11–15]. It is well-known that RE ions have very interesting properties 

for optoelectronic applications [16–18]. The particular characteristics of RE in the 3+ charge state 

are their sharp and intense emissions due to the internal transitions in the partially filled 4f electron 

shell. These transitions are almost insensitive to the local environment thanks to the screening 

effect of the outer 5s and 5d shells. It is also well-known that the optical activation of RE ions 
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depends critically on their lattice site location and is affected by the presence of defects, which 

could be involved in energy transfer processes, act as competitive non-radiative recombination 

channels or change the RE charge state. Therefore, to improve the optical activation, it is crucial 

to better understand how the defects participate in the optical processes and affect the coordination 

environment.  

Doping β-Ga2O3 with RE during growth is challenging due to low solubility limits in the beta 

phase and often leads to a second phase segregation [11,19]. Some recent studies have shown the 

advantages of ion implantation to dope β-Ga2O3 with different RE ions and to overcome the low 

solubility of these ions [12,13]. High quality β-Ga2O3 bulk single crystals only became available 

recently [20]. Our preliminary study on Eu implantation into β-Ga2O3 bulk crystals has shown 

that implantation at room temperature (RT) creates a high density of defects which affect the local 

environment of the implanted ions [12]. For high fluences of 11015 at/cm2 and above, Rutherford 

Backscattering Spectrometry/Channeling (RBS/C) showed the break-down of ion channeling 

effect close to the surface, usually a sign of amorphisation. In contrast, a recent comprehensive 

study of implantation damage build-up in (010) β-Ga2O3 suggested that no amorphisation occurs 

[21]. Instead damage saturates at high defect levels possibly due to the formation of a different 

phase [21,22]. The effect of the surface orientation itself on these distinct behaviors is still unclear.  

Most of these defects induced by ion implantation can be removed by annealing above 1000 ºC. 

However, even after the almost complete recovery of the damage created during the implantation, 

it was observed that the Eu is still located mostly in random sites and starts to diffuse towards the 

surface [12]. Nevertheless, optical activation of Eu was achieved in these samples leading to the 

typical red Eu3+ related emission lines [12].  

One of the main requisites to get the characteristic, intense and sharp emission of the Eu intra-

ionic transitions is to control the fraction of Eu in Ga sites, for which Eu is expected to have a 

valence state 3+ to keep the charge neutrality. In GaN it was already observed that implantation 

at higher temperatures reduces the density of the defects created during the implantation, and 

increases the fraction of substitutional Eu [23,24]. This effect has been attributed to the increase 

of the defect mobility with the implantation temperature and hence their ability to recombine 

during the implantation. In this paper we study the effect of elevated implantation temperatures 

on Eu incorporation, defect formation and Eu optical activation in β-Ga2O3. Furthermore, the 

influence of the annealing temperature on the damage profiles, the substitutional fraction, as well 

as on the charge state will be discussed and correlated with the optical properties of the RE 

implanted samples.  

2. Experimental Details 
 

β-Ga2O3 single crystals were grown by the floating zone technique. Growth details were 

previously described in ref. [25]. These crystals were cleaved along the (100) planes and cut into 

5×5 mm2 samples. Three sets of samples were implanted along the <201> surface normal with 

Eu (300 keV) using a fluence of 11015at/cm2. Samples of the first set were implanted in a 

temperature range from 20 ºC to 1000 ºC. A second set of samples was implanted at 300 ºC and 

a third set at 600 ºC to study the influence of the annealing temperature. Post-implant rapid 

thermal annealing on the second and third set of samples was performed in the temperature range 

from 700 ºC to 1000 ºC in flowing Ar during 30 s in an ANNEALSYS rapid thermal processor.  

To monitor the lattice disorder and the Eu lattice site location with depth resolution, RBS/C 

measurements were carried out using a 2 MeV He+ beam and a Si pin diode placed at a 

backscattering angle of 165º. Random and aligned spectra along the <201> direction were 

acquired to determine the minimum yield defined by the relation YAl/YRand, where YAl  and YRand 
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correspond to the yield of the aligned and random spectra, respectively. The defect profiles, 

corresponding to the relative number of displaced Ga atoms, were determined by calculating the 

difference between the minimum yield of the implanted and the virgin samples as a function of 

depth and subtracting the dechanneling yield. In order to take into account the dechanneling of 

beam particles at defects, the dechanneling rate was estimated using a two-beam approximation 

model [24,26] following the procedure of Wendler et al. [21].  

Cathodoluminescence (CL) studies were performed at RT with a Hitachi S2500 scanning electron 

microscope (SEM) using an acceleration voltage of 5 keV.  

The charge state of implanted Eu was measured by X-ray Absorption Near Edge Structure 

(XANES) collected at RT in fluorescence mode at the EU LIII edge. Experiments were conducted 

on both the French CRG BM30B-FAME and the Spanish CRG BM25-SPLINE beamlines at the 

European Synchrotron Radiation Facility in Grenoble, France. 

 

3. Results and Discussion 
 

Figure 1(a) shows the RBS/C spectra of samples implanted to the same fluence of 1×1015 at/cm2 

at different temperatures in the range from 20 ºC to 1000 ºC. The defect profiles extracted 

considering the range of energies between 1300 and 1600 keV, which corresponds to the region 

of the Ga barrier before the onset of the O-signal, are presented in Fig. 1(b). For comparison, the 

Eu and the vacancy profiles, calculated by the Monte Carlo code SRIM (version 2013) [27], are 

included in the figure in arbitrary units. These spectra show that, for 20 ºC implantation, there are 

two distinct regions with one defect peak near the surface and another located deeper in the 

sample, between 50 and 125 nm.  In more detail, it can be seen that in the sample implanted at 

20 ºC the aligned spectrum near the surface almost reaches the random spectra. This means that 

the implantation at 20 ºC induces a high density of defects eventually resulting in amorphization. 

This high surface damage is unusual for implantation since the maximum of nuclear energy 

deposition is located deeper inside the sample (see SRIM vacancy profile in Fig. 1(b)) and 

suggests that the surface acts as a sink for migrating defects. Similar damage profiles have been 

reported for an analogous RT Eu implantation in GaN [24]. It should be noted that such 

preferential surface damage was not observed in Ga2O3 with (010) surface orientation, suggesting 

that the surface itself with its orientation and termination is influencing the defect migration and 

accumulation [21]. For implantations at higher temperatures the damage near the surface is 

considerably reduced, achieving a minimum for implantations at 600 ºC. The second peak follows 

a similar tendency and decreases with increasing implantation temperature up to 600 ºC.  Above 

this temperature the concentration of defects starts to increase again. A similar tendency induced 

by the annealing temperature during post-implant thermal treatment was observed for RT-

implanted samples and attributed to defect rearrangement and/or clustering [12]. The second peak 

is clearly shifted to a deeper region comparatively to the position of the maximum of the vacancy 

profile and even compared to the maximum of the Eu profile, both calculated by SRIM, which 

suggests migration of defects during the implantation and their accumulation close to the interface 

between implanted and pristine regions of the sample. However, this effect is evident in all 

samples implanted at different temperatures, what can mean that the diffusion associated to the 

implantation temperature may play a secondary role. It should be mentioned that the two-beam 

model employed here was developed for randomly displaced atoms only. However, the spectra 

seen in Fig. 1(a), in particular for implantation temperatures above 300 ºC, are typical for 

extended defects such as stacking faults or dislocation loops which lead to relatively low direct 

backscattering but high dechanneling yields. To take this into account, the dechanneling yield in 

the two-beam model was increased by decreasing the critical angle of dechanneling until the 
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defect density reaches zero in the deeper unimplanted layers of the sample. Using this procedure 

a good agreement with SRIM defect profiles for low fluence Eu-implantation in the present 

samples was obtained [12], as well as for implantation at RT of several ion species in (010) Ga2O3 

[21]. However, it may lead to ambiguous results in the defect profiles in the present case, where 

high densities of extended defects are present, since defect profiles only reflect the direct 

backscattering yield due to atoms which are displaced from the atomic rows perpendicular to the 

channeling direction (due to a mixture of different defect microstructures) and not directly the 

density of extended defects. Nevertheless, it is clear from the RBS/C spectra that both direct 

backscattering and dechanneling are strongly reduced for implantation at elevated temperatures 

of about 500-600 ºC. Eu diffusion to the surface sets in at 1000 ºC, as can be confirmed by the 

shift to higher energies of the Eu peak (see Figure 1(a)). 

 

Figure 1. (a) RBS/C random and <201> aligned spectra for the β-Ga2O3 samples implanted at different 

temperatures. The energies corresponding to Eu and Ga signals from the surface are marked by arrows. (b) 

Relative defect concentration as a function of depth extracted from the RBS/C spectra in a). For comparison, 

the Eu and the vacancy profiles (in arbitrary units) calculated using SRIM were also inserted in arbitrary 

units.  

For the samples implanted at low temperature, Eu is mainly located in random sites. This is seen 

in the almost complete overlap of the Eu-signal in the random and aligned spectra (Fig. 1(a)). 

However, for the samples implanted at temperatures above 400 ºC, the minimum yield of the Eu-

signal, min(Eu), (i.e. the ratio between the Eu yield in the aligned and random spectra) starts to 

decrease (45% at 400 ºC, 44% at 500 ºC), achieving a minimum of about 34% for the sample 

implanted at 600 ºC. For this sample (implanted at 600 ºC), a substitutional fraction of about 60% 

(fS) of Eu incorporated on Ga-sites was estimated considering the relation  

fS=(1-min(Eu))/(1-min(Ga)).            Eq. 1 

This means that even in this sample approximately 40% of Eu are incorporated in non-

substitutional, random sites (more correctly into sites with a displacement from the ideal Ga sites 

perpendicular to the channeling direction). For 800 ºC, min(Eu) increases again. Finally, for 

implantation at 1000 ºC Eu diffuses to the surface where it resides in random lattice sites similar 

to what happens in samples implanted at RT but annealed above 1000 ºC [12]. These results show 

in a clear way that 500-600 ºC is the temperature range that keeps a compromise between Eu 

diffusion and defect level and promotes the incorporation of Eu on substitutional sites. 
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Based on the results presented above we chose two implantation temperatures 300 ºC (resulting 

in mainly randomly distributed Eu but avoiding the strong surface damage) and 600 ºC (resulting 

in high fS and a low density of defects) in order to perform further studies of the effect of post-

implant thermal annealing. The aim of this study was to understand how the two distinct defect 

profiles present in these samples are affected by thermal annealing and how these changes affect 

the fS, the Eu charge state and ultimately the optical properties of the samples.  

No significant changes are seen in the RBS spectra in Fig. 2(a) for samples implanted at 300 ºC 

after annealing at temperatures up to 1000 ºC. Although the shape of the defect profile changes 

slightly after each annealing step, the maximum defect level does not improve after annealing 

(Fig. 2(b)). It even increases for annealing temperatures above 700 ºC similar to our results after 

RT implantation [12]. Only the extension of the defective region is slightly reduced with a good 

recovery of the crystal in a depth of 80-100 nm possibly due to regrowth starting at the interface 

between defective and pristine material. It is interesting to note that this regrowth does not proceed 

into shallower regions containing Eu (see comparison with Eu-profile calculated by SRIM in Fig. 

2(b)). This, together with the fact that efficient defect recovery sets in at 1100 ºC, when Eu 

diffusion becomes prominent [12], suggests that Eu and implantation defects interact and stabilize 

each other. Furthermore, a complete overlap of the random spectra with the aligned spectra in the 

region of the Eu signal is seen in all samples (Fig. 2(a)), indicating the incorporation of Eu in 

random lattice sites. This result implies that the annealing does not improve the fS of Eu, being in 

agreement with what was  already observed for  similar samples implanted at RT [12].  

 
  

 

Figure 2. (a) RBS random and <201> aligned spectra for the as-implanted and annealed β-Ga2O3 samples 

implanted at 300 ºC. The energies corresponding to Eu and Ga signals from the surface were marked by 

arrows.  (b) Relative defect concentration as a function of depth extracted from the RBS/C spectra in a). 

For comparison, the Eu and the vacancy profiles (in arbitrary units) calculated using SRIM were also 

inserted.  

 

As mentioned before, in the samples implanted at 600 ºC a large percentage of Eu is incorporated 

on substitutional sites leading to a reduction of the Eu signal in the aligned spectrum as compared 

to the random spectrum. Figure 3 shows that the RBS/C spectra and defect profiles in the as-

implanted state and after annealing at 700 ºC are almost equal, except in the near surface region 

where a small damage recovery is observed. A slight increase of the Eu minimum yield is noted 

for intermediate annealing temperatures (800 ºC), accompanied by an increase of the maximum 

defect level for these temperatures. This increase of the relative defect concentration observed in 

the sample annealed at 800 ºC (see Fig. 3(b)) is probably associated with clustering or 
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rearrangement of defects, as mentioned above, and the simultaneous increase of min(Eu) supports 

the assumption that the interaction of Eu with implantation defects prevents the incorporation of 

Eu on substitutional sites. For the highest annealing temperature the overall defect level is slightly 

reduced compared with the as-implanted sample, but the shape of the profile remains unchanged, 

i.e. no significant recrystallization is obtained at the interface between implanted and unimplanted 

material, in contrast to the samples implanted at 300 ºC. These distinct tendencies for samples 

implanted at different temperatures support the idea that there is a strong interaction between 

defects (clustering), which can result in different types of extended defects with different thermal 

stability.  

Figure 3. (a) RBS random and <201> aligned spectra for the as-implanted and annealed β-Ga2O3 samples 

implanted at 600 ºC. The energies corresponding to Eu and Ga signals from the surface were marked by 

arrows. (b) Relative defect concentration as a function of depth extracted from the RBS/C spectra in a). For 

comparison, the Eu profile and the vacancy profile (in arbitrary units) calculated using SRIM were also 

inserted.  

Figure 4, directly compares the effect of implantation temperature for the samples annealed at 

1000 ºC. The significant difference in the defect profiles is obvious. For the sample implanted at 

300 ºC the defect profile after annealing seems to be related with the vacancy profile calculated 

with SRIM. Probably the defect recombination during the implantation is low at 300 ºC and the 

created point defects can interact to form thermally very stable defect clusters which require 

annealing at temperatures above 1000 ºC to be removed. For implantation at 600 ºC the 

concentration of defects is significantly reduced, suggesting a more efficient dynamic annealing, 

i.e. the produced point defects are mobile and recombine during the implantation, resulting in a 

relative lower defect concentration, which could reduce the formation of stable defect clusters. 

Besides a clear damage reduction for the sample implanted at 600 ºC, the figure evidences a shift 

of the bulk defect peak maximum to a deeper position. This shift compared with the shift to the 

surface of the of the bulk defect peak observed in the sample implanted at 300 ºC, confirms that 

the elevated implantation temperature promotes a different type of defect accumulation or 

diffusion with thermally stable defect complexes forming preferentially at the interface between 

the implanted and unimplanted regions of the sample.  
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Figure 4. Relative defect concentration as a function of depth for the samples implanted at 300 ºC and 

600 ºC before and after annealing at 1000 ºC. For comparison, the vacancy profile calculated using SRIM 

(in arbitrary units) was also inserted.  

 

To understand how the different defect profiles and the fS affect the charge state of Eu in β-Ga2O3, 

the samples implanted at 300 ºC and 600 ºC were studied by XANES. The XANES technique 

allows identifying the charge state of Eu, due to the 8 eV difference in energy between  the 

2p3/25d electronic transition for trivalent Eu3+ (6.982 keV ) and bivalent Eu2+ (6.974 keV) [26, 

27]. Figures 5(a) and (b) show the normalized spectra for implantation at 300 and 600 ºC, 

respectively, after annealing at different temperatures. All spectra are characterized by the 

presence of the two peaks attributed to the two different charge states of Eu. These results are a 

clear proof of the coexistence of different charge states of Eu in β-Ga2O3 as already observed in 

Eu-doped Ga2O3 nanocrystals [30]. To quantify the percentage of each charge state, the 

normalized spectra were fitted using the following formula:  

 

𝑌 = A ∗ 𝑃1 ∗ 𝑒𝑥𝑝[− (𝑥 − 𝑃2)
2 𝑃3

2⁄ ] + (1 − A) ∗ 𝑃1 ∗ 𝑒𝑥𝑝[− (𝑥 − 𝑃4)
2 𝑃3

2⁄ ] + A

∗ (1 + 𝑒𝑟𝑓 (2 ∗ [
𝑥 − 𝑃5

𝑃6
⁄ ])) + (1 − A) ∗ (1 + 𝑒𝑟𝑓 (2 ∗ [

𝑥 − 𝑃7
𝑃6
⁄ ])) 

The fractions of Eu3+ and Eu2+ are given by A and 1-A, respectively. P1-P4 are fitting parameters 

corresponding to the intensity, energy position, and width of the two Gaussians representing the 

two white lines while P5-P7 describe two error function (erf) representing the step-like 

normalized absorption jump. 
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Figure 5. (a) Normalized Eu LIII-edge fluorescence XANES spectra of samples implanted at 300 ºC (a) and 

600 ºC (b) after annealing at different temperatures.  

 

Figure 6 shows the tendencies of the percentage of Eu3+ as a function of the annealing temperature. 

In the samples implanted at 300 ºC (Fig. 6(a)) the amount of Eu3+ first decreases strongly for 

annealing at 700 ºC and then increases with the annealing temperature. The strong decrease of the 

fraction of Eu3+ for intermediate annealing temperatures coincides with the increase of the defect 

level in the region of highest Eu-content (Fig. 2(b)). This suggests that defects interact with Eu 

which tends to favor the 2+ charge state. For the highest annealing temperature of 1000 ºC, the 

percentage of Eu3+ reaches a maximum of close to 80% which is in fair agreement with the slight 

decrease of defect level in this sample. However, as shown by the RBS/C measurements this is 

not an effect of substitutional incorporation of Eu in Ga-sites. In fact, the random lattice sites of 

Eu rather point to the incorporation of Eu in a distinct defect configuration that promotes the Eu3+ 

state.  

  

  

 

Figure 6. Percentage of Eu3+ as a function of the annealing temperature for the samples implanted at 300 ºC 

(a) and at 600 ºC (b). (The dashed lines are guides for the eyes). 

Directly after implantation at 600 ºC (Fig. 6(b)), the percentage of Eu3+ reaches nearly 90% 

significantly higher than for implantation at 300 ºC (55%). This evidence is in good agreement 

with the lower defect level present in the sample implanted at 600 ºC. However, this percentage 

then diminishes with increasing annealing temperature, similar to the samples implanted at 300 ºC 

and again in agreement with increasing defect levels at intermediate temperatures.  Figure 6b 

illustrates this decrease of the Eu3+ fraction with the annealing temperature, reaching a minimum 

value slightly above 70% for annealing at 900 ºC. After 1000 ºC annealing, the Eu3+ fraction is 
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comparable with the value achieved for the same annealing conditions in the samples implanted 

at 300 ºC. Considering the similar Eu3+ percentage observed in these two samples implanted at 

300 ºC (with Eu in mostly random lattice sites) and 600 ºC (with Eu in mostly substitutional lattice 

sites), no obvious relation can be established between the charge state and the substitutional 

fraction. The strong dependence of Eu3+ percentage on implantation and annealing temperature 

confirms that the concentration and type of defects play an important role, affecting the 

coordination environment of Eu. Our results indicate that an increase of the RBS/C backscattering 

yield (presumably due the formation of defect clusters) is correlated with an increase of the Eu2+ 

fraction. However, the exact mechanisms and defects at the atomic scale need to be studied 

further, for example by transmission electron microscopy, in order to gain insight into the 

interaction of defects with Eu. In any case, it is noteworthy that the Eu ratios tend to converge to 

the same value after annealing at high temperatures, independently of the implantation 

temperature and in spite of the remarkable difference in concentration and location of defects (see 

Fig. 4).  

Figures 7 (a) and (b) show the CL spectra for the samples implanted at 300 ºC and 600 ºC, 

respectively. All  spectra present a broad band around 400 nm, which has been attributed to 

transitions involving donors and acceptors associated to intrinsic point defects, such as oxygen 

vacancies, gallium vacancies and oxygen-gallium vacancy pairs  [31–34]. Our results indicate 

that its shape and intensity depend on the annealing and implantation conditions. However, no 

direct correlation with the annealing temperature, nor with the implantation temperature was 

found. The absence of a clear trend could be explained by the fact that different processes 

involving different defects could be associated to this band. Considering the XANES results, the 

influence of Eu2+ on the presence of this broad band in the implanted samples cannot be excluded 

[35], but is difficult to confirm due to the overlap of several bands. To further discuss the nature 

of this band it is necessary to perform complementary studies as for example studies at different 

temperatures or excitation densities.  

 
 

 
 

Figure 7. RT CL spectra of β-Ga2O3 samples implanted at 300 ºC (a) and at 600 ºC (b) annealed at different 

temperatures. 

In addition to these bands, localized at lower wavelengths, the CL spectra are dominated by the 

sharp and intense luminescence lines assigned to the 5D07Fj intra-ionic transitions of Eu3+. These 

results are in agreement with the XANES measurements, which showed that a large fraction of 

the ions are found in the 3+ valence state. In both sample sets, implanted at 300 ºC and at 600 ºC, 

the most intense line is the hypersensitive 5D07F2 transition, which points to Eu3+ ions in a low 

site symmetry without an inversion center [36]. Considering that pure magnetic-dipole transitions 

(as the 5D07F1 transition) are practically insensitive to the local environment in contrast to the 

hypersensitive 5D07F2 electric-dipole transition, the intensity ratio between these two transitions 
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is a good way to evaluate the local symmetry of the optically active Eu centers [36]. In our case, 

the decrease of this ratio with increasing annealing temperature (Figure 8) suggests the presence 

of multiple optically active centers, indicating that the annealing treatment promotes the optical 

activation of the Eu centers with higher symmetry. In β-Ga2O3, and not taking into account 

possible effects of defects, the most likely sites with low symmetry that keep the charge neutrality 

with respect to the matrix are the two Ga-sites with octahedral and tetrahedral coordination. As 

pointed out by Zhu et al., these two sites  have a Cs symmetry because in β-Ga2O3 the tetrahedron 

and the octahedron are not regular but distorted [15]. However, the octahedral site is more 

probable because the ionic radius of Ga in this site is considerably larger than that in the 

tetrahedral site (0.062 and 0.047 nm, respectively), thus allowing an easier accommodation of the 

Eu3+ ion with an ionic radius of 0.095 nm [15]. Indeed, Zhu et al. [15] reported that emitting Eu3+ 

in β-Ga2O3 nanocrystals is only found in the octahedral site.  

 

 

Figure 8. CL intensity ratio of the 5D07F2 to the 5D07F1 transition. (the solid lines are a guide for the 

eyes). 

 

Taking into account the work of Zhu et al. [15] and considering that most of the Eu ions in the 

samples implanted at 300 ºC are found in random sites (as shown by RBS/C), we can conclude 

that either the luminescence is caused by only a small percentage of the ions which indeed is 

incorporated in substitutional sites or that other optical centers, most probably involving defects, 

exist in our samples. In fact, the shape and energy positions of the observed Eu intraionic 

transitions do not exactly match those reported for substitutional Eu in Ga2O3 [15]. The optical 

spectra differ in the number of peaks attributed to the 5D07F1 transition (two peaks in our work 

instead of three) and in the emission wavelength of the 5D07F4 transition (with the most intense 

line found at ~705 nm in ref [15] and at 717 nm in our work). While the lower number of peaks 

can be due to a lower spectral resolution of our acquisition system or a stronger peak broadening 

due to implantation defects, the difference in the energy position of the 5D07F4 transition 

suggests a different crystal field splitting of the 7F4 level. This can only be justified considering 

that Eu is in a different crystalline environment caused by different sites (non substitutional site) 

or in substitutional sites with distortion induced by defects. An alternative explanation to these 

discrepancies is to consider that the observed emission is coming from Eu in nanoscopic clusters 

of Eu2O3, as suggested by other authors [37]. Despite the similarities with the spectra  reported in 

[37], our spectra do not match the shape and the peak positions of the typically observed Eu 

emissions in Eu2O3 [38–40].  

Page 10 of 15AUTHOR SUBMITTED MANUSCRIPT - draft

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Figure 9 shows the dependence of the CL peak intensity of the 5D07F2 transition as a function 

of the annealing temperature for the samples implanted at 300 and 600 ºC.  The intensity for the 

as-implanted sample at 600 ºC is almost three times higher than that of the as-implanted sample 

at 300 ºC. This difference can either be related to the substitutional fraction, found to be 

considerably higher in the samples implanted at 600 ºC, or to the defect concentration, which is 

significantly higher for the samples implanted at 300 ºC and can favor non-radiative 

recombination. Furthermore, for both sample sets, a strong increase of the luminescence intensity 

with the annealing temperature is seen. Despite the similar trend, this increase is significantly 

steeper for the samples implanted at 600 ºC. In fact, the intensity increases by a factor of 10 

between the as-implanted sample and that annealed at 1000 ºC, in comparison to a 6 fold increase 

observed on the samples implanted at 300 ºC. Considering the XANES results which showed a 

strong decrease of the Eu3+ percentage with increasing annealing temperature in the sample 

implanted at 600 ºC, we can assume that, more than Eu3+ concentration, the local symmetry of 

the optical centers and the excitation and recombination processes do play the main role on the 

emission intensity. Thermal annealing is expected to reduce the inhomogeneous strain induced 

by defects and can therefore affect the local site symmetry of the RE ions. In our case this effect 

is corroborated by the sharpening of the emission peaks with increasing annealing temperature 

(see Figures 7 (a) and (b)) in agreement with results on ion implanted Ga2O3 nanowires [41]. 

 

Figure 9. Maximum intensity of the 5D07F2 transition as a function of the annealing temperature for the 

samples implanted at 300 ºC and 600 ºC (the dashed lines are guides for the eyes). 

4. Conclusion  

In conclusion, implantation at intermediate temperatures around 600 ºC successfully reduced 

implantation damage in Eu-implanted Ga2O3, while promoting the incorporation of Eu into 

substitutional sites in the 3+ charge state, and improving the optical activation of Eu ions. 

Accumulation of implantation damage was found to be a complex process. The damage level of 

as-implanted samples was shown to decrease significantly when raising the implantation 

temperature to 400-600 ºC and is attributed to efficient dynamic annealing. Increasing further the 

implantation temperature enhances the damage retained after implantation again, pointing to a 

clustering of defects to form thermally stable complexes. Similar effects are seen for post-implant 

annealing where indeed damage levels first increase for intermediate annealing temperatures and 

only start to decrease for the highest temperatures of ~900-1000 ºC. In fact, Eu and defects seem 

to stabilize each other since efficient damage recovery is accompanied by out-diffusion of Eu. 

This is seen for post-implant annealing above 1000 ºC [12] as well as for implantation at 1000 ºC.  
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XANES measurements prove the coexistence of Eu in 2+ and 3+ charge states with ratios that 

depend strongly on the implantation and annealing temperature. As-implanted samples implanted 

at 600 ºC have a high fraction of Eu3+, almost 90%, which is in good agreement with an increased 

substitutional fraction measured by RBS/C. As-implanted samples implanted at 300 ºC, on the 

other hand, show a much lower Eu3+ fraction of around 55%. 

Annealing promotes an efficient activation of the Eu3+, since the intensity of its typical transition 

lines increases strongly with temperature. However, no direct correlation is found between 

emission intensity, substitutional fraction and Eu3+/ Eu2+ ratio, suggesting that defects play a 

major role in the observed optical and charge state properties. 
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