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Introduction

Insulating and optical materials will be used in future fusion reactors to operate in a variety of applications among which diagnostic systems. Insulators will also be required, for example, as coatings in fusion reactor concepts with self-cooled liquid metals to minimize the magnetohydrodynamic (MHD) force that occurs when a conductive fluid is circulated in a magnetic field. This force generally works against the motion and thus would hinder the cooling by the liquid metal. Insulators in future fusion reactors will have to resist the effects of 14 MeV neutrons. With high cross-sections of high energy neutrons for (n,α) and (n,p) reactions with almost all elements, both He and H will be produced at high rates. In SiC for example, the He production rate can reach 150 appm/dpa [1,2], whilst the corresponding transmutation rate in a fission reactor is only of a few appm/dpa. The materials facing plasma will also be exposed to intense fluxes of low energy He and H. Among other insulators, AlN has been proposed for self-healing coating in contact with the flowing liquid metal to reduce the MHD drag as well as prevent Tritium permeation [3], due to its high insulating behavior, high thermal conductivity, high mechanical strength as well as low thermal expansion properties. It has already been shown to be a viable coating from the point of view of chemical compatibility with Li as well as electrical insulation after exposure to liquid lithium [4]. Yet relatively few studies deal with its stability under irradiation. Some neutron irradiation experiments were performed, [5][6][7] as well as rare earth, dopant and heavy ion implantations with the perspective of development of optoelectronic applications for which AlN is a promising material [8][9][10][11][12][13][START_REF] Kessler | Vianden and the[END_REF]. These studies have in particular demonstrated a very good resistance of AlN to radiation-induced amorphisation [9,15] due to an efficient dynamic annealing. However, almost nothing is addressed in the literature on the effects of neutron induced transmutation products, i. e., He and H injection. To our knowledge, only few data are available on He implantation into sintered (TiN/AlN multilayers) [16,17] or polycrystalline material [18]. In the present publication, microstructural results of He implantation into AlN monocrystalline layers at room temperature (RT) as well as 550°C are reported and discussed, bringing some insights into the effects of He injection on the damage and strain build-up that could be useful for future fusion applications but also in the framework of the smart-cut process of interest in III-nitride based optoelectronic and photonic applications.

Experimental procedures

Two types of materials were used in this study: i) an 11 µm-thick AlN epitaxial film grown on SiC from TDI (Oxford Instruments Plasma Technology Ltd) from which transmission electron microscopy (TEM) specimens were produced, and, ii) an undoped AlN epitaxial 1 µm-thick film grown on sapphire by Plasma Vapor Deposition of NanoColumns (PVDNC) from MTI corporation for strain measurements by X-ray diffraction (XRD). The strain could not be measured by XRD in AlN/SiC due to neighbouring AlN and SiC Bragg angles. We assume similar evolution in the microstructures of the two materials as a function of implantation conditions, although differences in absolute terms are expected and will be commented. For both, the film orientation is (0001). He implantations were performed on the IRMA accelerator of the SCALP facility at CSNSM-Orsay (JANNuS-Orsay [START_REF] Jannus | Joint Accelerators for Nano-science and Nuclear Simulation[END_REF][START_REF] Bacri | [END_REF]) at 7° off the (0001) surface normal to avoid any channeling effect. 50 keV He ions were implanted at room temperature (RT) and 550°C to fluences of 2x10 16 and 1x10 17 cm -2 . To minimize the heating during RT implantation, the flux was kept lower than 1x10 13 ions.cm -2 .s -1 . The vacancy and He concentration profiles calculated for a fluence of 1x10 17 cm -2 using SRIM [21] in full cascades mode are displayed in Fig. 1. The displacement energies were chosen in light of a recent ab initio molecular dynamics study [22] showing strong anisotropy dependent on crystallographic directions. The displacement energies were taken as the obtained weighted average values, i. e., 94.1 and 38.8 eV for aluminum and nitrogen atoms, respectively. The mean projected range of ions, RP, and the peak of damage (vacancies) RD, are estimated to be close to 280 nm and 260 nm, respectively. The maximum He concentration is close to 8 at. % (1.6 at. %) at the fluence of 1x10 17 cm -2 (2x10 16 cm -2 ). The number of displacements per atom at the peak damage reaches ∼2 at the highest fluence using the abovementioned displacement energies. In the following, "low" and "high fluence" will refer to 2x10 16 and 1x10 17 cm -2 , respectively. TEM specimens were prepared in cross-section by standard tripod mechanical polishing up to a few µm. The cross-section specimens were finally thinned up to electron transparency using Gatan PIPS Ar ion milling at 4 keV. In all the steps requiring an elevated temperature, in particular for the polymerization of the epoxy glue used for both the sandwich preparation and the gluing of the cross-section on a Cu grid, the temperature was limited to 80°C for the specimens implanted at RT. TEM experiments were carried out on a Tecnai G 2 20 Twin microscope at the JANNuS-Orsay facility.

XRD experiments were carried out at Pprime in the Bragg (reflection) geometry on an automated laboratory-made 2-circle goniometer with the radiation Kα1 of copper (λ = 1.5405 Å) provided by a 5 kW RIGAKU RU-200 generator with a vertical linear focus in combination with a quartz monochromator [23]. Previous X-ray reciprocal space mapping experiments on Eu implanted AlN films have shown that the implantation-induced lattice strain is only directed along the surface normal direction (reciprocal space map not shown in [12]). θ-2θ scans were carried out near the (0002) Bragg reflection (2θB = 36.02°) using 0.005 stepping motors. The sapphire substrate does not diffract in the vicinity of this reflection and the penetration depth of X-rays for this reflection is significantly larger than the implanted layer. This enables relative measurements of the normal strain in the surface implanted layer in comparison with the underlying AlN material that is not strained by implantation.

According to the Bragg's law, the strain along the surface normal, εN, is directly determined by plotting the θ-2θ curves as a function of q[0001]/H(0002), where q[0001] is the deviation from the reciprocal lattice vector H(0002) of the (0002) planes in the direction of the sample surface. In addition to strain, XRD curves carry information of disorder (clustering of defects, amorphisation, etc.) via the static Debye-Waller factor Wh that weights the scattered intensity [24][25][26].

Results

XRD results

The figure 2 displays the XRD curves obtained for the four studied conditions. The intense diffraction peak at q/H = 0, i. e., zero strain, corresponds to the diffraction of the unperturbed AlN layer located between the He implanted layer and the sapphire substrate. On the left of this main Bragg peak (highlighted by a dotted line on Fig. 2), for negative values of q/H, a large tail of scattered intensity resulting from a dilatation gradient of the lattice is observed for each condition. Interference fringes are observed up to high fluence for both temperature of implantation, meaning that the crystal coherency is maintained [23], although the low scattered intensity at high strain, especially for the high fluence-550°C condition, is indicative of disorder (low Debye-Waller factor Wh), probably via clustering of defects. In other words, the presence of interference fringes implies the absence of formation of a continuous amorphous layer. Amorphisation is indeed not expected given the estimated low number of displacements per atom and the already reported resistance of AlN to radiation-induced amorphisation [9,27]. The fringes result from the coherent diffraction of two regions of same strain on either side of a layer of higher strain on a strain profile whose shape should resemble the SRIM profiles for vacancy or He concentration as a function of depth, i. e., a Gaussian or bell-shaped strain profile. Usually, the minimum strain is obtained in the near surface region where the density of created defects predicted by SRIM is the lowest, whilst the maximum strain develops in a deep perturbed region of the specimen.

The X-ray intensity coming from the deep highly perturbed region is thus scattered far from the main Bragg peak (zero strain) whilst the near surface region contributes to the peak of diffracted intensity that is observed on the immediate left of the main Bragg peak. This near surface region peak is only observed for the high fluence conditions, RT and 550°C, meaning that at low fluence, the strain in the near surface region, or minimum strain, is too low to be measured. Estimations of both the minimum strain, εmin, and maximum strain values, εmax, are reported in the table I.

Regardless of the temperature of implantation, relatively low strains are obtained at low fluence, and higher strains are obtained at high fluence (see table I). At low fluence, an increase of the temperature of implantation results in the reduction of strain on the whole implanted layer. At high fluence, the increase of temperature induces a reduction of strain in the near surface region only (i. e., shift of the peak in the immediate left of the main Bragg peak towards this main Bragg peak on XRD curves). There is, on the contrary, a strong increase of the maximum strain that is concomitant with a strong reduction of scattered intensity, highlighting a significant increase of clustering and disorder.

The width of the interference fringes is inversely proportional to the width of the strain profile. When comparing the two high fluence conditions, RT and 550°C, the much thinner fringes observed at 550°C indicate a significantly larger width of strain profile and thus, a larger highly perturbed layer is expected at 550°C compared to RT for this fluence.

TEM results

In figures 3 to 11 are reported micrographs obtained for the different implantation conditions in AlN layers grown on SiC. In each of the specimens, threading dislocations throughout the AlN layer as well as bent dislocations at the surface are observed in non-negligible density (see for example Fig. 3(a-c)). These dislocations are induced during the growth of the AlN layer and therefore, are not the subject of this paper.

As expected, no amorphous regions are observed in any of the specimens. Two types of defects are detected using 2-beam conditions with either g = 0002 or g = 11 00 (Fig. 3,4,5,6). Both types of defects are mainly located in a deep layer showing high contrast. For most of the conditions, these dense layers of defects observed using g = 0002 and g = 11 00 are centered between the maximum of the vacancy profile and the maximum of the He concentration profiles provided by SRIM calculations, assuming that there is no significant swelling. At high fluence and 550°C though (Fig. 6), they are rather centered around the maximum of the He concentration profile. The defects observed using g = 0002 cannot be resolved by conventional TEM and could be either clusters of point defects or small dislocation loops. For the sake of simplicity, they will be referred to as clusters of point defects in the following. Using g = 11 00 (see Fig. 3(c,d), 4(b), 5(b,c), 6(b,c)), small directional segments are observed that are typical of planar defects and more specifically (0001) basal stacking faults (BSFs) frequently observed in nitrides [12,28,31,34]. Whilst the clusters of point defects detected using g = 0002 are clearly observed in the whole implanted layer including the near surface region and the deep highly perturbed region for all conditions, large distinguishable BSFs seem to be only observable in this deep region (see for example Fig. 6(a) clusters,(b,c) BSFs), although a few small BSFs could be observed outside this region in some of the specimen. Both types of defects are observed in any of the specimens.

As far as can be determined without any estimation of the specimen thickness, the density and size of defects appear more important at high fluence, RT and 550°C (see Fig. 5 and6), compared to low fluence (Fig. 3 and4). In particular, the BSFs are hardly visible in bright field at low fluence and RT (see Fig. 3(d)), showing a relatively low density and rather small size of the BSFs. They are however obvious in weak beam dark field (Fig. 3(c)) and HRTEM (Fig. 3(e)).

Along with these extended defects, nanometric cavities that are likely to be He-filled bubbles also appear to form in a layer that closely matches, in location and width, the dense layers of BSFs and clusters of point defects (see Fig. 7, 8, 9 and 10). It means that, contrary to the clusters, there is no obvious large BSFs, or at least very few, where bubbles are not observed. These bubbles are roughly aligned along rows on (0001) planes. The cross-section observation with high densities of bubbles and defects makes it difficult to distinguish between linear or planar alignments of bubbles in these planes, but planar clusters of bubbles viewed edge-on are much more likely. The bubbles are very small for all conditions, close to the limit of resolution due to the roughness of the specimen, and sometimes only distinguishable because of their arrangement along rows (see Fig. 7 for example, at low fluence and RT). Their diameter is lower than 1 nm at low fluence and RT, and close to the nm at low fluence-550°C and high fluence-RT. They are much more obvious at high fluence and 550°C (Fig. 10) where their size ranges between 1 and 1.5 nm in the densest part of the bubble layer. In the rear part of the bubble layer for this condition (Fig. 10(c)), which is where the SRIM profiles of vacancies and He end, smaller bubbles (<1 nm) are also observed in shorter alignments and lower density. It is obvious, especially on this specimen, that a lot of bubbles are located on BSF, as shown in Fig. 11. (in Fig. 11 (a) and (b), bubbles are observed on BSF and in Fig. 11(c), two alignments of bubbles are observed on both sides of a BSF). But some bubbles do not seem to be associated with BSFs, in particular where the bubble alignment does not strictly follow a (0001) plane to jump to another distant (0001) plane. It is also difficult to assess if every BSF is associated with bubbles. However, there is apparently no region of the implanted material where large BSFs are observed without bubbles in the close vicinity. At the end of the bubble layer on the high fluence-550°C specimen, where smaller bubbles are observed, no line contrasts typical of BSFs are apparent in focus using the 2-beam condition with g = 11 00, but instead, defects in the form of black dots, presumably dislocations, that seem to be connected to bubbles.

In this location, point defect clusters are also observed using g = 0002, which for some are clearly connected to bubbles, whilst for the other conditions, i. e., lower fluence or lower temperature, no (or few) defect were observed up to this depth. Indeed, for these three other conditions, the bubble layer and the dense layers of defects end at a depth where the concentration of He calculated by SRIM (RT calculations) is still rather high. The dense layers of defects and bubbles are obviously much larger for the high fluence-550°C condition (Fig. 6 and 10), which is in agreement with XRD observation of thinner interference fringes for this condition. Generally speaking, in the studied range of parameters, an increase of fluence, or an increase of temperature, induces an increase of the width of these bubble and defect layers.

Discussion

Origin of elastic strain measured by XRD

As a basic principle, using a two-beam condition with g = 0002 in TEM highlights the displacements along the [0001] direction. The defects observed using g = 0002 thus contribute to the normal strain gradient detected by XRD. In addition to these observable defects, unobservable point defects, small point defect clusters and He-V clusters should also contribute to the strain, as evidenced in He-implanted SiC where large strains were measured when only a contrasted layer with no resolvable defects was detected by TEM [26]. The BSFs are not observed with g = 0002 and they consequently should not induce out-of-plane strain. The formation of extended defects, and stacking faults in particular, has often been associated with strain relaxation [29,30]. Their formation in the present study is thus likely to be a way to partly relax the out-of-plane strain that would otherwise be induced by isolated point defects or 3D-clusters of point defects. In Eu-implanted AlN at RT, a very high density of extended defects, both BSFs and point defect clusters, was observed, whilst the measured elastic strain was relatively low (lower than 3% for 3.3x10 15 Eu.cm -2 ) [12]. The elastic strain could thus be partly plastically relieved by the formation of BSFs in AlN. Their presence may explain why the strain is relatively low compared to materials like 4H-SiC that does not generate BSFs or extended defects in similar implantation conditions, but where isolated point defects and small clusters induce large elastic strains up to the amorphisation of the material when implantation is performed at RT [26,31]. The clustering of point defects and formation of extended defects at RT, as already reported in implanted AlN and GaN [12,[32][33][34], is indicative of strong dynamic annealing mechanisms that have been proposed to explain the resistance of nitrides to amorphisation [9,27,35]. During implantation, the extended defects including BSFs may indeed act as efficient sinks for the newly generated point defects and consequently grow, or shrink, whilst limiting the strain build-up. They may also act as recombination centers for the point defects. In these epitaxial films, a similar action of trapping of point defects, and probably He as well, can be achieved by the native threading dislocations which could therefore significantly contribute to limit the damage and strain.

Alignments of bubbles

Similar alignments of bubbles in the basal plane were extensively observed in other Heimplanted ceramics, including, for example, SiC, Al2O3 and MgAl2O4 [1,[36][37][38][39]. In SiC, their formation requires an implantation at elevated temperature and/or thermal annealing at elevated temperature [37].

They are often identified as 2D-clusters of bubbles, or bubble disks, and are a source of concern since they could become platelets or nanocracks under further elevation of temperature [40]. Their alignment on basal planes is often explained by the low surface energy of low index planes. However, alignments of bubbles were observed to be nearly parallel to the surface in MgAl2O4 with a (0001) habit plane oriented at 40° from the surface normal, suggesting that in this condition, the irradiation-induced lateral compressive stress might dominate over the energetically favored (0001) orientation [1]. With the (0001) surface of the present AlN layers, both the biaxial lateral compressive stress (and related tensile out-of-plane strain) and low surface energy of (0001) planes may contribute to the observed bubble alignments.

It is not known whether the vacancies should be mobile in AlN at the considered temperatures.

Al and N self-interstitials were found to be mobile at temperatures lower than RT [10,41], which could explain the observation of extended defects [33]. There is generally no long-range vacancy migration at RT in ceramics. In AlN implanted with Eu [12], small vacancy dislocation loops were detected indicating a short-range rearrangement of vacancies at least, but which may result from the dense cascade overlapping. Recently, energy barriers for migration of native defects in GaN were calculated suggesting that native vacancies are not mobile at RT in contrast with Ga interstitials [41]. In the present study, increasing the He implantation temperature up to 550°C in AlN does not induce very significant difference in bubble size and in microstructure in general, which would indicate that the vacancies begin to migrate at a temperature higher than 550°C. This hypothesis is in agreement with the proposition of migration of vacancies occurring at a temperature of ~1000°C in neutron irradiated and annealed AlN [43]. The nucleation and growth of bubbles in the present specimens could thus mostly result from He migration, and possibly mechanisms of trap mutation or loop punching. In most specimens, the bubble and defect layers are centered between the maxima of the vacancy and He profiles calculated by SRIM.

Where the He concentration is predicted to be maximal and the vacancy concentration low at the rear of the implanted layer, there is no visible bubbles, except at high fluence at 550°C. This is rather surprising and could indicate that the higher concentration of He induces the nucleation of a higher density of smaller He-V complexes that are not observable in TEM, as might suggest the high fluence-550°C condition where smaller bubbles are observed in the rear part. A migration of He towards the region of high interstitial concentration could also occur under the influence of the strain gradient. The strain has already been shown to be efficient in enhancing the diffusion of point defects and chemical species [44,45].

Extended defects

The formation of BSFs is well documented in nitrides. The stacking fault formation energies are relatively low in these materials explaining their presence in high concentration after implantation of heavy ions as well as lighter ions such as O or C ions [12,34,[46][47][48]. It is inferred that their formation will mostly occur on planes where the sum of the energy of the stacking faults and the partial dislocations that border the stacking faults is minimal [46]. In the present study, BSFs are obviously associated with bubbles: they are mostly observed in a layer that exactly coincide with the layer of observable bubbles, and bubbles are clearly observed on BSFs (Fig. 11). It was suggested in the literature that the alignments of bubbles on (0001) planes in implanted ceramics are the result of the preferential nucleation of bubbles at dislocations [1]. This would account for a bubble layer located close to the peak of vacancy concentration or, as observed, close to the peak of interstitial concentration, between the vacancy and He profiles. An even slight separation of vacancy and interstitial profiles should result in a layer of implanted material, at the rear part of the implanted region, where interstitials are in excess and should agglomerate to form BSFs or dislocations. For most conditions, neither BSFs nor bubbles are observed beyond a location where He and probably interstitials, unlike vacancies, are still in high concentration, according to SRIM calculations that should be reliable at RT. There, He should also stabilize vacancies thus leaving additional free interstitials that escape recombination. Yet no defects are observed in this region in most specimens and only small black dot-type defects are observed in relatively low concentration in the high fluence-550°C specimen, and they seem to be associated with very small bubbles. The presence of interstitials in excess does not seem to be sufficient in generating large extended defects in the present conditions and the mere scenario where interstitials agglomerate to form BSFs or dislocations and then serve as nucleation sites for bubbles thus appears unlikely. In Eu-implanted AlN [12], the density of defects observed in TEM including BSFs and point defect clusters observed with g = 0002 does not appear to significantly differ from the present results, whilst the induced displacements per atom calculated by SRIM at the peak damage are two orders of magnitude higher. It thus seems obvious that the presence of He enhances the formation of BSFs as well as point defect clusters whether the free interstitials left by the stabilization of vacancies by He are alone responsible for their formation, or whether the formation and growth of bubbles require additional interstitials to be expelled by a mechanism of trap mutation or loop punching to release gas pressure.

The observation, in the high fluence-550°C specimen, of smaller bubbles unrelated to BSFs or large point defect clusters at the back of the bubble layer where interstitials should be in excess could indicate that the larger bubbles associated with BSFs and in the vicinity of relatively large and numerous point defect clusters in the main layer grow by these mechanisms of interstitial generation. These mechanisms are moreover in agreement with a growth of bubbles controlled by the diffusion of He atoms. A closer inspection of the nature of BSFs and point defect clusters by HRTEM could help define the connection between these defects and the bubbles.

It was shown in Eu-implanted GaN that the density of SFs, as well as the density of point defect clusters observed using g = 0002, is much lower after implantation at 500°C than after RT implantation [49,50]. Our results show on the contrary no reduction in the nucleation of both type of defects with increasing temperature of implantation (see Fig. 4 compared to Fig. 3, and Fig. 6 compared to Fig. 5). This is ascribed to a more efficient stabilization of vacancies by helium which hinders the point defect recombination, and possibly to the growth of bubbles that could generate additional interstitial-type defects.

Evolution of elastic strain and underlying mechanisms

As mentioned above, threading dislocations induced during the growth of epitaxial films can efficiently trap point defects and hinder the damage and strain build-up. XRD and TEM experiments were performed on AlN films grown on different substrates, which could lead to differences in microstructure of implanted specimens considering that native dislocations might be created in different densities. In particular, the damage build-up may not be as advanced in AlN grown on Al2O3 used for XRD experiments as in AlN grown on SiC used for TEM experiments (the well resolved interference fringes on XRD curves, indicative of a high crystal coherency, were absent in Eu-implanted AlN when the level of damage perceived in TEM was similar to the present results in AlN/SiC [12]). Some trends can nevertheless be observed as a function of implantation conditions from which mechanisms can be deduced : it is obvious in particular from both XRD and TEM results that different mechanisms take place in the near surface region and in the deep highly perturbed layer.

The XRD results show a reduction of elastic strain in the near surface region with increasing implantation temperature independently on the fluence of implantation (see Fig. 2). In TEM, in this region, only point defect clusters were detected in relatively low concentration. Thus, an efficient dynamic annealing takes place with increasing temperature of implantation where the point defect recombination is enhanced, in agreement with the results of Eu-implanted GaN showing the reduction of defects in the whole implanted layer [49,50]. In addition, the point defects may also be more efficiently trapped at the surface and native dislocations.

In the deep implanted layer however, different mechanisms seem to dominate as a function of implantation condition. At low fluence, the maximum strain is also reduced by an increase of implantation temperature, showing that the point defect recombination probably still dominates the strain build-up. This is not obvious from our TEM results, which is likely to result from differences in advancement of the damage in the two AlN materials, as mentioned earlier. The TEM results however show a significant increase of the size of the BSFs with implantation temperature at low fluence that could also contribute to a reduction of strain by a more efficient trapping of mobile interstitials. At high fluence, a different mechanism takes place: the increase of implantation temperature induces an important increase of maximum strain (from 2% at RT to more than 3.5% at 550°C) as well as a strong reduction of scattered intensity indicative of clustering (see Fig. 2). Both XRD and TEM results were concordant in the increase of width of the highly damaged layer. The detailed observation of TEM micrographs does not show evidence of a further evolution of BSF average length that could therefore be saturated. Their density evolution cannot be easily assessed, but a saturation of size and density of BSFs would probably induce a significant increase of strain, as observed. In the high fluence-550°C specimen, darker bands are observed at the periphery of the dense layer of defects using g = 0002 (see Fig. 6(a)) and a larger concentration of defects seem to be observed at the surface in comparison to the high fluence-RT specimen. This could indicate a diffusion of point defects from the highly damaged region towards the surface and the bulk when this region is saturated in BSFs, as already observed in Eu-implanted AlN and GaN [12,34]. As reported in these previous studies, such an occurrence would lead to a saturation of strain in the BSF region, which is not the case here. Again, this suggests a more advanced damage build-up in AlN/SiC where the presence of He is seen to enhance the formation of extended defects via the formation of bubbles. In a stage prior to the formation of bubbles, the formation of He-V complexes should also promote the damage and strain by hindering the recombination of point defects and enhancing the strain induced by interstitials. An enhancement of damage build-up ascribed to chemical effects was similarly deduced from RBS/C experiments performed on GaN implanted with light ions at high fluence [51]. The increase of strain with temperature in the present study is ascribed to the growth of He-V complexes which only occurs at high fluence, thus only for a sufficient He concentration. A more efficient He-V complex formation could also lead to an increase of strain by hindering point defect recombination but would probably not account for the strong decrease of the Debye-Waller factor and X-ray scattered intensity, although the resulting increase of free interstitials concentration could lead to the formation of larger interstitials clusters. This increase of strain related to He-V complex growth, probably induced by a thermally enhanced mobility of He, could be associated with the onset of bubble formation or with the achievement of a critical size of He-V complexes beyond which they induce a dilatation of the lattice. It could also be related to the triggering of emission of interstitials by mutation of the He-V complexes when they trap a critical number of He atoms, i. e., the trap mutation process.

Conclusion

The damage and strain induced by 50 keV He implantations into AlN films at RT and 550°C were studied using XRD and TEM. XRD was performed on AlN films grown on sapphire and TEM was performed on AlN films grown on SiC. It appears that AlN grown on SiC reaches a more advanced stage of implantation-induced damage for similar implantation conditions, probably because of different densities of native dislocations in the two materials. However, some trends are similar for both materials. Both XRD and TEM results show an enlargement of the highly-perturbed region with the increase of the implantation temperature. TEM results show nano-sized bubble alignments along (0001) planes for any studied condition. The bubble size does not significantly differ after implantation at RT and 550°C, showing that there is no long-range migration of vacancies at 550°C. Point defect clusters and BSFs are observed in large concentration in a deep layer that closely matches the bubble layer. In addition, bubbles are clearly observed on BSFs that are probably created to plastically relieve the elastic strain induced by point defects. Obviously, the presence of bubbles enhances the formation of BSFs as well as clusters of point defects, whether the free interstitials left by the stabilization of vacancies by He are alone responsible for their formation, or whether the growth of bubbles require the expulsion of interstitials by a mechanism of trap mutation or loop punching, as might suggest some reported observations. In the bubble layer, the nucleation of extended defects, both BSFs and clusters of point defects, does not seem to be reduced by the increase of implantation temperature in contrast with earlier reports on Eu implanted GaN where the point defect recombination was observed to result in the reduction of extended defect concentration on the whole implanted layer. The chemical effect of He on the enhancement of damage at an earlier stage is also evident from XRD results showing different strain evolutions as a function of implantation temperature in the near surface region, free of He, and in the deep implanted region. In the near surface region, the increase of temperature induces a more efficient recombination of point defects inducing a decrease of the near surface strain. In the deep implanted region, an opposite behavior is observed: the increase of temperature is seen to result in a strong increase of strain as well as a strong decrease of scattered intensity. This is ascribed to the growth of He-V complexes, which is probably induced by a thermally enhanced mobility of He and which only occurs at sufficient fluence.

Figure captions

Table I. Estimations of the minimum (εmin) and maximum (εmax) values of strain induced by He implantation in AlN extracted from XRD curves reported in figure 2. A dash indicates that the strain value is too low to be measurable. The minimum value of strain is obtained in the near surface region of the implanted material, whilst the maximum strain is obtained deeper in the material. Fig. 1. Depth distribution of vacancy and He concentration obtained using SRIM code in AlN implanted with 50 keV He ions to the fluence of 1x10 17 cm -2 . The calculations were performed with an offset angle of 7° with respect to the specimen surface. The number of displacements per atom at the peak damage reaches ∼2 dpa using displacement energies of 94.1 and 38.8 eV for aluminum and nitrogen atoms, respectively. showing alignments of bubbles on BSFs (a and b) as well as on both sides of a BSF (c). For each case, a picture taken close to focus, which highlighs BSFs, is provided on the left. Pictures taken out of focus highlighting bubbles are displayed on the right. The sign of the defocus value ∆f is indicated on each picture. Table I. Estimations of the minimum (εmin) and maximum (εmax) values of strain induced by He implantation in AlN extracted from XRD curves reported in figure 2. A dash indicates that the strain value is too low to be measurable. The minimum value of strain is obtained in the near surface region of the implanted material, whilst the maximum strain is obtained deeper in the material. 

Fig. 2 .

 2 Fig.2. X-ray scattered intensity distribution around the (0002) reflection of AlN implanted with 50 keV He ions at RT and 550°C to the fluences of 2x1016 (low fluence) and 1x10 17 cm -2 (high fluence). The x-axis is converted into -εN with εN the strain normal to the sample surface. The experiments were performed on a 1 µm-thick AlN layer on sapphire substrate.

Fig. 3 .

 3 Fig. 3. Cross-sectional TEM micrographs of AlN after 50 keV He implantation at RT to the fluence of 2x10 16 cm -2 : (a) and (b), respectively, bright field and weak beam dark field in two beam condition using g = 0002. (c) and (d), respectively, weak beam dark field and bright field in two beam condition using g = 11 00. (e) HRTEM at low magnification acquired along the zone axis [112 0]. The surface is at the bottom of each micrograph (out of frame in (e)) and indicated by dotted lines in (a) and (b).

Fig. 4 .

 4 Fig. 4. Cross-sectional TEM micrographs of AlN after 50 keV He implantation at 550°C to the fluence of 2x10 16 cm -2 : (a) weak beam dark field using g = 0002. (b) weak beam dark field using g = 11 00. The surface is indicated by dotted lines in both micrographs.

Fig. 5 .

 5 Fig. 5. Cross-sectional TEM micrographs of AlN after 50 keV He implantation at RT to the fluence of 1x10 17 cm -2 in two beam conditions : (a) bright field using g = 0002. (b) bright field using g = 11 00. (c) weak beam dark field using g = 11 00. The surface is at the bottom of each micrograph.

Fig. 6 .

 6 Fig. 6. Cross-sectional TEM micrographs of AlN after 50 keV He implantation at 550°C to the fluence of 1x10 17 cm -2 in two beam conditions : (a) bright field using g = 0002. (b) bright field using g = 11 00. (c) weak beam dark field using g = 11 00. The surface is at the bottom of each micrograph.

Fig. 7 .

 7 Fig. 7. Bubble layer in AlN implanted with 50 keV He ions at RT to the fluence of 2x10 16 cm -2 observed in cross-section in underfocus (top) and overfocus (bottom) conditions. The direction of the surface is indicated by an arrow. The surface is on the left of the micrographs.

Fig. 8 .

 8 Fig. 8. Bubble layer in AlN implanted with 50 keV He ions at 550°C to the fluence of 2x10 16 cm -2 observed in cross-section in underfocus (left) and overfocus (right) conditions. The rough extension of the layer of visible bubbles is indicated by white arrows. The surface is indicated by a dotted line.

Fig. 9 .

 9 Fig.9. Implanted layer including bubble layer between white arrows in AlN implanted with 50 keV He ions at RT to the fluence of 1x10 17 cm -2 in underfocus (top) and overfocus (bottom) conditions. In the inset: magnified view of aligned bubbles. The surface is on the left.

Fig. 10 .

 10 Fig.10. Cross-section view of bubbles in an AlN specimen implanted with 50 keV He ions at 550°C to 1x10 17 cm -2 . (a) Implanted area including a bubble layer between white arrows, in underfocused (top) and overfocused conditions (bottom). (b,c) magnified view of the bubbles, in underfocused (b) and overfocused (c) conditions. In (c), smaller bubbles can be observed at the rear end of the bubble layer on the right of the micrograph. The surface is located to the left of any displayed micrograph.

Fig. 11 .

 11 Fig.11. Cross-sectional TEM micrographs of AlN after 50 keV He implantation at 550°C to the fluence of 1x10 17 cm -2 close to a two beam condition with g = 11 00 showing alignments of bubbles on BSFs (a and b) as well as on both sides of a BSF (c). For each case, a picture taken close to focus, which highlighs BSFs, is provided on the left. Pictures taken out of focus highlighting bubbles are displayed on the right. The sign of the defocus value ∆f is indicated on each picture.

Fig. 1 .Fig. 2 .

 12 Fig. 1.Depth distribution of vacancy and He concentration obtained using SRIM code in AlN implanted with 50 keV He ions to the fluence of 1x10 17 cm -2 . The calculations were performed with an offset angle of 7° with respect to the specimen surface. The number of displacements per atom at the peak damage reaches ∼2 dpa using displacement energies of 94.1 and 38.8 eV for aluminum and nitrogen atoms, respectively.

Fig. 3 .

 3 Fig. 3. Cross-sectional TEM micrographs of AlN after 50 keV He implantation at RT to the fluence of 2x10 16 cm -2 : (a) and (b), respectively, bright field and weak beam dark field in two beam condition using g = 0002. (c) and (d), respectively, weak beam dark field and bright field in two beam condition using g = 11 00. (e) HRTEM at low magnification acquired along the zone axis [112 0]. The surface is at the bottom of each micrograph (out of frame in (e)) and indicated by dotted lines in (a) and (b).

Fig. 4 .

 4 Fig. 4. Cross-sectional TEM micrographs of AlN after 50 keV He implantation at 550°C to the fluence of 2x10 16 cm -2 : (a) weak beam dark field using g = 0002. (b) weak beam dark field using g = 11 00. The surface is indicated by dotted lines in both micrographs.

Fig. 5 .

 5 Fig. 5. Cross-sectional TEM micrographs of AlN after 50 keV He implantation at RT to the fluence of 1x10 17 cm -2 in two beam conditions : (a) bright field using g = 0002. (b) bright field using g = 11 00. (c) weak beam dark field using g = 11 00. The surface is at the bottom of each micrograph.

Fig. 6 .

 6 Fig. 6. Cross-sectional TEM micrographs of AlN after 50 keV He implantation at 550°C to the fluence of 1x10 17 cm -2 in two beam conditions : (a) bright field using g = 0002. (b) bright field using g = 11 00. (c) weak beam dark field using g = 11 00. The surface is at the bottom of each micrograph.

Fig. 7 .

 7 Fig. 7. Bubble layer in AlN implanted with 50 keV He ions at RT to the fluence of 2x10 16 cm -2 observed in cross-section in underfocus (top) and overfocus (bottom) conditions. The direction of the surface is indicated by an arrow. The surface is on the left of the micrographs.

Fig. 8 .

 8 Fig. 8. Bubble layer in AlN implanted with 50 keV He ions at 550°C to the fluence of 2x10 16 cm -2 observed in cross-section in underfocus (left) and overfocus (right) conditions. The rough extension of the layer of visible bubbles is indicated by white arrows. The surface is indicated by a dotted line.

Fig. 9 .

 9 Fig. 9. Implanted layer including bubble layer between white arrows in AlN implanted with 50 keV He ions at RT to the fluence of 1x10 17 cm -2 in underfocus (top) and overfocus (bottom) conditions. In the inset: magnified view of aligned bubbles. The surface is on the left.

Fig. 10 .

 10 Fig. 10. Cross-section view of bubbles in an AlN specimen implanted with 50 keV He ions at 550°C to 1x10 17 cm -2 . (a) Implanted area including a bubble layer between white arrows, in underfocused (top) and overfocused conditions (bottom). (b,c) magnified view of the bubbles, in underfocused (b) and overfocused (c) conditions. In (c), smaller bubbles can be observed at the rear end of the bubble layer on the right of the micrograph. The surface is located to the left of any displayed micrograph.

Fig. 11 .

 11 Fig. 11. Cross-sectional TEM micrographs of AlN after 50 keV He implantation at 550°C to the fluence of 1x10 17 cm -2 close to a two beam condition with g = 11 00 showing alignments of bubbles on BSF ((a) and (b)) as well as on both sides of a BSF (c). For each case, a picture taken close to focus, which highlight BSFs, is provided on the left. Pictures taken out of focus highlighting bubbles are displayed on the right. The sign of the defocus value ∆f is indicated on each picture.
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