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Characterization of nanostructure in low dose Fe-implanted p-type 6H-SiC Using Atom Probe Tomography
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P-doped 6H-SiC substrates were implanted with Fe ions. During implantation the samples were maintained at 550°C with energies ranging from 30 to 160 keV in order to produce a diluted magnetic semiconductor (DMS) with a 2 % Fe homogeneous concentration to a depth of about 100 nm thickness. The effects of rapid thermal annealing on the microstructure were examined by atom probe tomography (APT). The study shows evidence of the formation of Fe rich nanoclusters after annealing which contain core magnetic phases that contribute to the magnetic properties.

Introduction

Doping a semiconductor with a 3d magnetic element (Cr, Mn, Fe, Co) confers ferromagnetic (FM) properties, while keeping the semiconductor nature of the material. The discovery of DMSs with relatively high Curie temperatures (T C ), such as (In, Mn) As [1], and especially (Ga, Mn) As [2], has initiated a major international research effort over the last two decades, in order to understand the origin and the mechanism of the magnetic properties of these types of materials. Many advances have been made in the growth and annealing of these samples to minimize the presence of secondary phases or compensate defects that are detrimental to the desired properties. The possibility to achieve the T C values higher than 300 K was forecasted for certain wide-gap DMSs with rather a high concentration of free holes [3]. This prognosis gave impetus to a great number of experiments aimed at the discovery of DMS materials with high T C . Many authors reported that they observed ferromagnetism in the corresponding objects above room temperature. However, most of these observations later turned out to be the consequence of the presence of precipitates in the studied specimens or the inclusion of other phases of transition metal (TM) compounds in solid solutions to which the DMS specimens belong [4]. This circumstance stimulated the appearance of theoretical works, showing that the ferromagnetic (FM) ordering in such specimens can be partly explained by the exchange interaction between charge carriers and doping magnetic ions [5]. Still, despite this intense research in the DMSs field, no T C higher than room temperature has ever been obtained. Moreover, the nature and origin of ferromagnetism in III-V compounds remain controversial [6]. Silicon Carbide (SiC) is a wide bandgap semiconductor that has been considered a possible candidate for spin electronics applications. SiC has a long history in materials research and device development and has already been commercialized for high-frequency and high power applications. A FM response has been experimentally observed in Ni, Mn and Fe doped 6H-SiC with the value of the T C varying from significantly below to close to room temperature. The authors assigned the magnetic signal to the true DMS behavior [7][8]. According to Dupeyrat et al. [9] and Diallo et al. [10], the formation of Fe 3 Si nanoscale particles is mainly responsible for the magnetic properties observed in 6H-SiC system implanted with a 6 at.% Fe ions concentration and annealed at a high temperature (> 900 °C). This is not the case according to ref 11 where authors demonstrate that the presence of Fe 3 Si is not the origin of FM ordering in Fe-doped SiC. It also indicated that traces of Fe-doping in SiC induce a high temperature FM arrangement. Typical FM order was established for low Mn-doping concentrations (10 -4 molar fraction) at around 250 K in 6H-SiC [12]. These authors found that defects-related effects other than the Mn content play the most important role in the magnetic ordering. Ferromagnetism was experimentally evidenced in 6H-SiC after neutron irradiation by Liu et al. [13]. Ab initio calculations using different computational techniques were used to theoretically study magnetic properties of SiCbased DMSs. Contradictions were also found in these results. Fe was found magnetic or nonmagnetic according to the structural configurations, while Cr and Mn were found to be magnetic at the substitutional Si site [14][15][16]. Recently Los et al. [16] reported that Fe in SiC matrix can exist in both magnetic and nonmagnetic states depending on the transition metal atom environment in the host matrix. For different impurity species, these authors found that the transition from the nonmagnetic to magnetic configuration and the corresponding changes of the atomic moments may take place either gradually, when the volume of the unit cell changes, or when the energy gap between the two states is overcome.

In recent communications [10,[17][18] it was shown that Fe atoms in the substitutional Si site lead to FM behavior in 6H-SiC. Here, we report about the characterization of the nanostructure in 2 at.% Fe implanted 6H-SiC by APT. This technique revealed a random distribution of Fe atoms in the SiC matrix in the as-implanted sample and the existence of Fe-rich nanoparticles in the annealed samples.

.

Material and Methods

Commercial (CREE) near (0001)-oriented n-type 6H-SiC substrates with a 200 nm thick uppermost ptype epitaxial layer (nA -nD ~10 +20 Al/cm 3 ) were co-implanted with 30 to 160 keV 56 Fe + ions. The dose reaches 10 +16 /cm 2 leading to a Fe concentration of about 2 at.% at depth between 20 nm and 100 nm from the sample surface, checked by Rutherford Backscattering Spectrometry (RBS) at the CSNSM-Orsay [19,20]. The samples were held at 550 °C during implantation in order to avoid amorphisation [21]. After the implantation, the samples were subjected to a rapid thermal annealing at different temperatures (900 and 1300°C) for 4 min. The principle of the APT technique is based on field evaporation of surface atoms from a sample prepared in the form of a sharp needle (radius < 50 nm). The chemical identification of the sample atoms is based on the time-of-flight mass spectrometry technique. The evaporated atoms are collected on a position-sensitive detector that provides both time of flight and position of the incoming ions. This combined information allows deducing the chemical nature of the evaporated ions and the initial position at the specimen surface (sharp tips) [22]. A 3D reconstruction of the analyzed volume is generated, giving access to the spatial distribution of atoms at the atomic scale. Local chemical composition of any arbitrary sub volumes can be obtained with a sub-nanometric resolution. In particular, concentration profiles with a depth resolution better than half an atomic plane can be generated in metals [23]. APT specimens were prepared through the lift-off method and standard milling [24] using a dual beam SEM/FIB Zeiss Nvision 40. In order to reduce Ga implantation and avoid damages in the region of interest, the Fe-implanted SiC samples were capped with 500 nm of Pt and a final polishing was performed at low acceleration voltage (2 kV). The samples were analyzed by a Laser Flexible Tomographic Atom Probe (LAWATAP) at 80 K in an ultrahigh vacuum chamber under a pressure of 10 -8 Pa. The used femtosecond laser pulse system was an amplified ytterbium-doped laser (AMPLITUDE SYSTEM s-pulse HR) with a pulse period of 350 fs and a 100 kHz repetition rate. The wavelength was fixed at 342 nm.

RESULTS and DISCUSSION

Structural and chemical composition

A typical mass spectrum of 6H-SiC implanted with a 2 at.% Fe concentration and annealed at 1300 °C is shown in Fig. 1. C atoms evaporate in the form of single or molecular ions in these conditions. The peak at 28 amu (atomic mass unit) is assigned to the 56 Fe 2+ isotope. Si 2+ ions are detected predominantly in the second charge state at 14, 14.5, and 15 amu. Al 3+ ions were also detected which correspond to the p-doping species in these samples. . The APT pattern evidences the presence of nano-sized Fe-rich nanoparticles, represented in this figure with different colors. The average concentrations of Si, C and Fe atoms over the entire analyzed volume are 50.1 ± 0.1%, 46.3 ± 0.1 and 1.9 ± 0.1%, respectively. The sum of these three elements being 98.3 at.%, the remainder (1.7 %) consists of Al and O atoms, corresponding to the initial electrical doping of SiC and the oxidation of the material, respectively. We also can observe that the Si and C concentrations are not exactly the same. This is due to the presence of molecular species such as C 2 and C 3 and to the difficulty to separate, for example, the two C + and C 2 2+ species obtained for the same M/n ratio (12 amu). Thus, it results that the uncertainty on the C concentration is perhaps weakly higher than ± 0.1 % but remains of the same order. 

Nanoparticle compositions

The identification of clusters makes it possible to label each Si, Fe or C atom belonging to the different nanoparticles and thus to measure the average compositions of the Fe-rich nanoparticles. The average Fe concentration varies versus the average diameter of nanoparticles. It is 39, 51 and 64 at.% for nanoparticles having an average diameter of 6, 7 and 10 nm, respectively. For each identified nanoparticle, an associated mass spectrum is obtained and a radial profile is plotted. It can be noted that the largest nanoparticles contain several tens of thousands of Fe, Si and C atoms and the smallest ones contain a few tens of atoms, only. The core phases are identified by reporting the concentrations obtained in the central part of the nanoparticles in a sphere having a 1 nm diameter. The Fe atoms concentration varies greatly from one nanoparticle to another, indicating the presence of (FeSi) rich phases containing small C amounts. The values of the Si, C and Fe concentrations depend, as observed above, on the different atomic or molecular evaporated species as well as on the reconstruction artifacts of the APT which introduce position errors of atoms. Indeed, the difference of evaporation fields between the atoms located in the nanoparticles and in the matrix leads to local magnification effects in the reconstruction process, which decreases the spatial resolution. In our case, the nanoparticles are mainly composed of (Fe-Si) phases which are evaporated under a low evaporation field, close to the Fe evaporation field (i.e. E Fe ~ 33 V.nm -1 ), whereas the Si and C atoms of the SiC matrix are evaporated under a high evaporation field.

The evaporation fields of the matrix and the nanoparticles have been evaluated from the C, Si and Fe Kingham curves [25] [26]. In our samples, Fe and Si are mainly evaporated in the Fe 2+ and Si 2+ ions, as can be observed in the mass spectrum. We also obtain the two C + and C 2+ ions for the C atom. These considerations allow evaluating the Fe evaporation field close to 30 V/nm and the evaporation field of the matrix (only considering the C + and C 2+ ions amounts of the same order for the C atom) close to 40 V/nm. The Fe evaporation field determined from the Fe Kingham curve is consistent with the pure Fe evaporation field (33 V/nm). This is not surprising because the nanoparticles contain Ferich phases. The evaporation field of the SiC matrix atoms is higher than the one of the nanoparticles atoms. Thus, it can be assumed that the atoms of the SiC matrix are evaporated under a mean evaporation field E SiC ~ 40 V/nm, which is much higher than the evaporation field of nanoparticles [START_REF] Lardé | [END_REF].

The difference of evaporation fields between the matrix and the nanoparticles leads to an over-density of atoms inside the nanoparticles and a sub-density of atoms around the nanoparticles in the 3D reconstructions, a well-known artifact of the APT.

The ratio between the evaporation fields of the particles and the matrix is close to 0.75. This ratio is very important to better understand the local magnification effects and trajectory overlaps leading to the 3D reconstruction process of the samples. It has been shown that for ratios smaller than ~0.6, the trajectories of the evaporated atoms lead to a negative magnification and a mixing of the atoms contained in the particles [START_REF] Lefebvre | Atom probe tomography, Put theory into practice[END_REF]. This was not the case for our samples with a f ratio (0.75) higher than 0.6. It means that only the first atomic shells are impacted by this phenomenon and are intermixed with the neighborhood of the matrix. Only the smallest particles (with a diameter smaller than ~2 nm) can be considered by this artifact rather than the biggest particles (up to 3 or 4 nm diameter).

Taking into account the true concentrations in the nanoparticles core, we know the number of Fe, Si and C atoms (N Fe , N Si and N C , respectively) in the core and we can calculate the N Fe /N Si ratio. It appears that the values obtained for this ratio are very often close to 3.0, 2.0, 1.66 or 1, corresponding to the Fe 3 Si, Fe 2 Si, Fe 5 Si 3 and FeSi core phases. This confirms that the APT artifacts do not impact the core of the biggest particles. We do not obtain a N Fe /N Si ratio higher than 3.0. Of course, all of these phases are not pure Fe-Si phases; they all contain a small amount of C atoms. In all the cases the C concentration is always smaller than the Si concentration. For the biggest nanoparticles (diameter ~7 to 12 nm) and the two Fe-richest phases, the C core concentrations are smaller than 10 at.%. The N Fe /N Si ratios are 3.00 ± 0.05 and 2.00 ± 0.05 and thus obtained with good accuracy. We do not find the Fe 8 Si 2 C or FeSiC phases or other ternary phases with a C concentration higher than the Si concentration [28]. Moreover, the Fe 3 Si phase observed in the biggest nanoparticles of our samples has been characterized by Mössbauer spectrometry and exactly corresponds to the DO 3 structure [17]. Consequently, the C atoms enter the Fe 3 Si phase, randomly and likely in interstitial sites rather than substitutional sites, but maintain the DO 3 structure of this phase.

We observed that the number of nanoparticles in a volume depends on the size. The biggest nanoparticles are the least numerous but also the Fe-richest (Fe 3 Si and Fe 2 Si phases). When the nanoparticles become smaller, they are more numerous but also less Fe-rich (Fe 5 Si 3 and FeSi phases). When the nanoparticles become still smaller with a 2 or 3 nm order diameter, the core phase is hardly measurable due to the 1 nm order nanoparticle/matrix interface size and the APT artifacts described above.

Figure 3 represents Fe, Si and C atomic concentrations of the nanoparticles versus their average size. We can observe that, when the average size of the nanoparticles increases, the Si and C concentrations decreases and the Fe concentration increases. The C concentration decreases below 10 at.% for average size nanoparticles higher than 8 nm. For these nanoparticles, the Fe concentration is higher than 60 at.% allowing us to reach the Fe 3 Si phase composition. We also observe that the Fe-richest nanoparticles (with Fe 3 Si core phase) are obtained for the annealing performed at the highest temperature (here 1300°C). When the annealing temperature is lower than 1300°C (for example 1100 or 900°C but not shown here), we do not obtain the Fe 3 Si phase. When the annealing temperature decreases, the core phases becomes less Fe-rich. This is perfectly consistent with the values of the enthalpy of formation of the Fe-Si phases that increase with the Fe amount contained in the Fe-Si phases and consequently with the annealing temperature [29]. 4 shows a 3D reconstruction of a small volume containing only one nanoparticle (nanoparticle 3 taken as an example) and the corresponding concentration profile in the Z-direction of analysis. The cylinder used to determine the Si, C and Fe concentrations and plot the profile of Figure 4 (b) had a 0.5 nm diameter. Its size is sufficient to give an accurate profile of this nanoparticle. We can observe that the Fe, Si and C concentrations in the core of this nanoparticle are approximately 60, 30 and 10 at.% giving a N Fe /N Si ratio equal to 2. Thus, this nanoparticle contains a Fe 2 Si type core phase with a small C amount (the C concentration being much lower than the Si one). Taking into account the C concentration (10 at.%), we are here in the presence of a non-pure Fe 2 Si core phase as mentioned above, instead of a Fe 2(1-x) Si (1-x) C 3x type compound. According to these above observations, the present phase is the Fe 1.8 Si 0.9 C 0.3 phase which does not correspond to a Fe-Si-C stable ternary phase. Given that, all the nanoparticles are obtained in thin films samples and appear during 4 mn annealing and slow cooling processes. It is suitable to talk about Fe-Si phases with C amount rather than ternary Fe-Si-C phases because ternary particles predicted by ternary phase diagram were not observed. At the same time need to underline that the volume fraction of particles is not equilibrium one. 

As-implanted sample

Figure 5 shows 3D reconstructions of the same volume of the Fe as-implanted 6H-SiC sample; the Si, C and Fe atoms are represented in red, green and blue, respectively. We note that this sample has not been annealed, but has been maintained at 550°C for the entire duration of the Fe implantation. This sample does not contain Fe, Si and C nanoparticles as can be observed in these 3 reconstructions. This sample is perfectly diluted, semiconductor, but it is non-magnetic. It is the application of an annealing that can lead to the appearance of the magnetism. This annealing must be sufficient to generate magnetism without being so high that it minimizes the appearance of nanoparticles. 

Conclusion

This work, performed by APT, shows that 550°C Fe-implanted 6H-SiC samples with a 2 at.% Fe concentration are perfectly diluted after implantation but contain nanoparticles after annealing. These particles mainly contain Fe-Si phases rather than Fe-C phases because of the great chemical affinity between the Fe and Si atoms. Thus, for the great majority of nanoparticles, the Si concentration is always higher than the C concentration. It is notably the case for the most annealed sample (1300°C) in which we can observe the Fe-richest (Fe-Si) phases, such as the Fe 3 Si and Fe 2 Si phases. Other less Fe-rich phases, such as the Fe 5 Si 3 and FeSi phases, are also present in this sample, annealed only 4 minutes. All these phases are not pure (Fe-Si) phases but contain small C concentrations which are generally smaller than 10 at.% for the biggest nanoparticles. The annealing performed at lower temperatures (1100 and 900°C) also lead to the appearance of nanoparticles, but less Fe-rich. In the 1100 and 900°C annealed samples, we do not find the Fe 3 Si and Fe 2 Si phases. As mentioned above, the as-implanted sample is perfectly diluted but it is non-magnetic. It is the application of annealing (temperature, duration) that can lead to the formation of a magnetic sample but an annealing at too high a temperature also generates nanoparticles. To obtain a DMS with Fe-implanted 6H-SiC samples, it will be necessary to find an appropriate annealing (temperature and duration) and also perhaps an implantation temperature to generate magnetism in the samples to minimize the appearance of nanoparticles.
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 1 Fig. 1. Mass spectrum of the 1300°C annealed Fe-implanted 6H-SiC sample
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 2 Fig. 2. 3D reconstruction of the 1300°C annealed Fe-implanted 6H-SiC sample showing the spatial distribution of Fe atoms in a 70 x 70 x 73 nm 3 volume in a red color matrix. Nanoparticles are represented with different colors and their associated phases (Fe 3 Si, Fe 5 Si 3 , Fe 2 Si) are indexed with the numbers (1, 2, 3), respectively
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 3 Fig. 3. Fe, Si and C atomic concentrations of the nanoparticles versus the average diameter size
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  Figure4shows a 3D reconstruction of a small volume containing only one nanoparticle (nanoparticle 3 taken as an example) and the corresponding concentration profile in the Z-direction of analysis. The cylinder used to determine the Si, C and Fe concentrations and plot the profile of Figure4(b) had a 0.5 nm diameter. Its size is sufficient to give an accurate profile of this nanoparticle. We can observe that the Fe, Si and C concentrations in the core of this nanoparticle are approximately 60, 30 and 10 at.% giving a N Fe /N Si ratio equal to 2. Thus, this nanoparticle contains a Fe 2 Si type core phase with a small C amount (the C concentration being much lower than the Si one). Taking into account the C concentration (10 at.%), we are here in the presence of a non-pure Fe 2 Si core phase as mentioned above, instead of a Fe 2(1-x) Si (1-x) C 3x type compound. According to these above observations, the present phase is the Fe 1.8 Si 0.9 C 0.3 phase which does not correspond to a Fe-Si-C stable ternary phase. Given that, all the nanoparticles are obtained in thin films samples and appear during 4 mn annealing and slow cooling processes. It is suitable to talk about Fe-Si phases with C amount rather than ternary Fe-Si-C phases because ternary particles predicted by ternary phase diagram were not observed. At the same time need to underline that the volume fraction of particles is not equilibrium one.
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 4 Figure 4: (a) 3D reconstruction of a small volume (9 x 7 x12 nm 3 ) containing only one nanoparticle and: (b) Corresponding Si, C and Fe concentration profile in the analysis Z-direction
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 5 Figure 5: 3D reconstructions of the Si (a), C (b) and Fe (c) atoms of the 550°C Fe as-implanted sample
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