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Extended defects generated by helium implantation in Germanium at temperatures up to 500°C have been studied using transmission electron microscopy and X-ray diffraction.

Extrinsic defects as well as bubbles do readily form at room temperature. The formation of both defects follows the same trend as what is observed in silicon with a shift toward the low temperatures. The damage penetration depth seems to be, however, dependent on both the orientation and the implantation temperature.

Introduction

Due to its high charge carrier mobility and its good compatibility with high-k materials, germanium is a technologically important semiconductor with prominence for the development of sub-22 nm Complementary Metal Oxide Semiconductor (CMOS) technologies. Furthermore the fundamental understanding of the defect production and microstructural evolution in germanium irradiated with high fluence energetic helium ions is important for several technological applications, for example, the gettering of metallic impurities by nanoscale cavities in large-scale integration devices [1], or the preparation of GeOI (Germanium-on-insulator) thin films by layer splitting via ion cutting process [2].

Moreover, radiation damage can induce transient enhanced diffusion of dopants that must be controlled. Previous studies have shown that large facetted cavities are formed after high fluence helium implantation followed by high temperature annealing [3]. Light ion implantation into germanium produces interstitial-type defects as well [4,5]. Their characteristics are strongly dependent on the implantation temperature resulting from a delicate interplay between kinetic and dynamical effects [6]. In silicon, concurrently to cavity formation, interstitial-type defects lying on {113} planes (rod-like and ribbon-like defects) have been observed in the region of ion's end of range (EOR) as the implantation temperature is increased [7]. In germanium, the formation and evolution of extrinsic EOR defects upon annealing of an amorphous layer created by ion implantation have shown that they are much less stable than in silicon [8]. In the present work, we carried out further study on defects introduced on the intermediate ion-fluence regime in a wide temperature range (no amorphization) using transmission electron microscopy (TEM) and X-ray diffraction (XRD).

Experimental method

(001) n-type and p-type germanium samples with a net shallow dopant concentration of 1x10 16 cm -3 were implanted with helium at intermediate fluences (1-5x10 16 cm -2 ) and at different temperatures, up to 500°C. The implantations were carried out using a conventional implanter at a given energy of 50 keV and a current density of 2-3 µA/cm² to limit any additional temperature effect. The implantation-induced damage was studied by conventional Transmission Electron Microscopy (TEM) using a JEOL 200CX microscope and by X-ray diffraction measurements (XRD) (θ-2θ scans). XRD measurements were conducted in the Bragg (reflection) geometry on an automated laboratory-made two-circle goniometer with the Kα 1 line of copper provided by a 5 kW RIGAKU RU-200 generator. The TEM-samples were prepared in the cross-section geometry (X-TEM); the samples were mechanically thinned using a tripod polisher down to 10 µm and ion milled in a GATAN-PIPS apparatus at low energy (2.5 keV Ar) and low incidence (±8°) to minimize irradiation damage.

Result and discussion

At low fluence (1x10 16 cm -2 ) and low temperature (77 K), a buried amorphous layer is observed. To avoid this amorphous transition the temperature of implantation T i was increased. In germanium the dynamical recombination rapidly increases within a narrow temperature range [9] therefore for T i = Room Temperature (RT) the amorphous transition is avoided. Fig. 1a shows the X-ray diffraction curves obtained after a RT implantation at two fluences. At low fluence (1x10 16 cm -2 ), the X-ray curve clearly shows a scattered intensity on the low side of the main Bragg peak B θ . As seen in the inset of Fig. 1a the high resolution diffraction pattern exhibits fringe pattern characteristics of a normal tensile elastic strain gradient of Gaussian-like shape [10]. The interference fringes arise from the coherent diffraction of two damaged zones of same level of strain on either side of the maximum damage area. The maximum strain (ε max ), given by the position of the last fringe away from the Bragg peak is found to be close to 0.3 %. The Full Width at Half Maximum (FWHM) deduced from fringe spacing is estimated around 300 nm. This value is wider than the straggling estimated by SRIM simulations ( ) 100nm Rp = ∆ for such an implantation. With increasing fluence (5x10 16 cm -2 ) only diffuse scattering around Bragg's peak is observed; the interference fringes are no more observed. This suggests that with increasing fluence the crystalline quality of the crystal strongly gets worse and / or the defect formation relaxes the elastic strain. This behaviour is not observed in other semiconductors as silicon or silicon carbide for which the accumulation of defects leads to the increase of elastic strain with increasing fluence (before amorphisation) [11][12]. This can be related to the weaker germanium-germanium bonds that may favour the agglomeration and formation of complex defects.

For a fixed fluence of 5x10 16 cm -2 , the influence of the implantation temperature has been investigated. With the increase of T i the dynamical annealing is supposed to increase and fewer defects may form. The X-ray diffraction curves, Fig. 1b, show that the diffuse scattering decreases with the increase of T i corroborating the effects of dynamical annealing.

This drop in diffuse scattering seems to be more efficient in the range 200-500°C. The strong drop in diffuse scattering observed for the 500°C implantation shows that the restoration of the quality of the crystal is strongly enhanced upon the high temperature implantations.

The microstructures of the as-implanted Ge samples have been then examined by X-TEM. The sample implanted at RT and at the lowest fluence (1x10 16 cm -2 , figure 2) exhibits a damaged layer extending from 100 nm up to 800 nm (>2Rp) beneath the surface. It is made up of tiny spherical bubbles (full-gas cavities), 3 nm in diameter, and of extended defects of few tens of nanometres. Few isolated tiny bubbles are also observed in the near surface region suggesting that the threshold helium concentration for bubble formation at RT in Ge is low, lower than in Si for which the threshold He concentration for bubble formation is close to 1% [13]. The bubble formation in Ge seems to be facilitated by the radiation-enhanced diffusion more efficient in Ge than in Si. The extended defects are supposed to be of interstitial-type:

the well-known rod-like {113} defects. These latter thus form at low temperature (∼0.25T mGe , T mGe being the Germanium melting Temperature) in comparison to silicon (∼0.4T mSi ). Indeed, in silicon these defects are observed to form during implantation at elevated temperatures.

Such differences in the formation of {113} defects between Ge and Si have been also reported after hydrogen implantation/annealing and related to the more efficient damage production in Ge than in Si under similar implant conditions [5]. Other defects showing a contrast characteristic of dislocation loops are also observed in the highly damaged region; their characterisation is still in progress. As seen, the most damaged layer is wide, located between 300 and 700 nm that is in agreement with the XRD results (large value of FWHM). This highly damaged zone is however located well behind the helium and damage peaks estimated by SRIM (R p = 300 nm, ∆R p = 100 nm). An effect of channelling can not be totally ruled out since the implantations were performed with 0° tilt. However, no strong channelling effect has been observed for hydrogen implantation in (001) germanium under similar conditions [6] and it is very unlikely that channelling can account alone for a so large damage layer.

Previous studies have reported the orientation dependence of damage in single crystal germanium implanted with Te ions [14,15]. However, only some differences on the broad range distribution and on the level of damage have been reported according to the crystal orientation. The spreading-out or enhanced drift of the damage distribution towards the bulk must be clarified. This unexpected effect was not reported on 50 keV helium implanted/annealed (111) oriented germanium [16]. With increasing fluence no strong visible effect on both the size and density of defects can be noticed inside the well perturbed zone.

The XRD measurements nevertheless showed that the structure was more perturbed at high fluence. This damaged zone spreads out up to 800 nm deep (see figure 3a) as observed at low fluence (1x10 16 cm -2 ).

The effects of T i on the microstructure of high fluence implanted germanium (5x10 16 cm -2 ) are shown in figure 3. As seen with increasing T i the damage layer shrinks and some of the cavities are larger, they begin to be faceted and can reach 20 nm in diameter for a 500°C implantation. The interstitial-type defects exhibit the same kind of evolution. At 500°C few long {113} rod-like and ribbon-like defects are observed among a low density of large bubbles. These trends, growth of defects and shrinking of the damaged zone, are in good agreement with the evolution of the XRD curves (figure 1b) versus implant temperature where the restoration of the crystalline quality of the crystal was observed. All the cavities are seen to be attached to dislocation lines. The formation of interstitial-type defects versus implantation temperature in germanium seems to follow the same trend as that was reported in silicon [16] with a shift in temperature. However, with increasing the temperature of implantation, these defects form where they are expected from SRIM simulations, i.e., in a region closely located beyond Rp. With increasing temperature of implantation the spreadingout effect of damage toward the bulk germanium becomes limited. This last point shows that the channelling effects which could be operative at low temperature (RT) are reduced with the implantation temperature. However, the as-induced strain field (ε ) is concurrently reduced.

Therefore, this effect of enhanced diffusion of defects at low temperature could also be promoted by the implantation strain (enhanced diffusion of mobile species by the local strain) preponderant at low temperature. At 500°C the temperature of the substrate inhibits any channelling. Experiments are in progress to determine the contribution of both effects, channelling or enhanced diffusion.

Conclusion

Bubbles as well as extended interstitial-type defects do readily form in germanium implanted with helium at RT. With increasing fluence the elastic strain recovers and a reorganization of small defects occurs. With increasing temperature of implantation both types of defects enlarge with a decrease of their density. In addition their unexpected spreading-out is strongly temperature dependent. At room temperature the damage layer is deeper than predicted whereas for a 500 °C implantation they form close to the mean projected range. The study of the competition between channelling or enhanced diffusion and temperature dissipation is under progress. 
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 1 Figure 1 : XRD intensity curve close to the (004) Bragg reflection in helium implanted (001) germanium at room temperature for two fluences of 1x10 16 (solid line) and 5x10 16 cm -2(triangle) (a) and at the fixed fluence of 5x10 16 cm -2 for different temperatures RT (triangle),
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 3 Figure 3 : Cross-sectional bright field and dark field images of (001) germanium implanted at different temperatures with 50 keV-5x10 16 He.cm -2 (a) RT, (b) 200°C and (c) 500°C. The
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