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Vacancy-mediated atomic transport in nano-crystals

Atomic transport in nano-crystals is still poorly studied experimentally. However, the knowledge of atomic transport kinetic and of the mechanisms allowing atoms to move in a volume exhibiting nano-scale dimensions (< 100 nm) is important for i) improving our fundamental knowledge concerning point defects' formation and migration energies, and atom-point defect interactions in nano-structures, as well as for ii) predicting mass transport in nano-structures, allowing the design of nano-structure fabrication processes to be developed at lower cost. In this article, atom probe tomography measurements were used to investigate the Ge distribution in 40 nm-wide Si nano-crystals in which the Ge flux was found to be ten times faster than in the bulk of a Si mono-crystal. The Ge atoms were found to be randomly distributed in the nano-crystals. No extended defect was found being able to explain an increase of Ge transport kinetic in the nanocrystals. Consequently, a scenario based on a higher equilibrium vacancy concentration at the nano-crystal surface (or interface) is proposed in order to explain the faster atomic kinetic measured in Si nano-crystals.

INTRODUCTION

Experimental measurement of atomic transport kinetic allows point-defects' average energies of formation and migration to be measured [1][2][3][START_REF] Stolwijk | In: Landolt-Bornstein-Numerical Data and Functional Relationships in Science and Technology[END_REF][START_REF] Pichler | Intrinsic Point Defects, Impurities, and Their Diffusion in Silicon[END_REF][START_REF] Mehrer | Diffusion in Solids[END_REF], and informs on point-defect concentrations [1][2][3][START_REF] Stolwijk | In: Landolt-Bornstein-Numerical Data and Functional Relationships in Science and Technology[END_REF][START_REF] Pichler | Intrinsic Point Defects, Impurities, and Their Diffusion in Silicon[END_REF][START_REF] Mehrer | Diffusion in Solids[END_REF], as well as on atoms and point-defects [1][2][3][START_REF] Stolwijk | In: Landolt-Bornstein-Numerical Data and Functional Relationships in Science and Technology[END_REF][START_REF] Pichler | Intrinsic Point Defects, Impurities, and Their Diffusion in Silicon[END_REF][START_REF] Mehrer | Diffusion in Solids[END_REF] or extended defects [START_REF] Cowerna | [END_REF][8][9][10][11] interactions. Atomic diffusion experiments were mainly used (with success) to probe bulk material atomic properties [1][2][3][START_REF] Stolwijk | In: Landolt-Bornstein-Numerical Data and Functional Relationships in Science and Technology[END_REF][START_REF] Pichler | Intrinsic Point Defects, Impurities, and Their Diffusion in Silicon[END_REF], and only few experimental studies concerning atomic transport in nano-crystals were reported in the literature, allowing atomic properties in nanomaterials to be better understood [12][13][14][15][16][17][18][19][20][21]. Indeed, atom-atom interactions and atom-defect interactions in nano-objects embedded in the nanostructures used in nanotechnologies are key parameters in order to produce the desired nanostructures and to come up with technological solutions improving their stability (nano-material ageing). Si is the base material used in the microelectronics complementary metal oxide semiconductor (CMOS) technology, and a large number of future applications are expected to use Si-based nanostructures such as nano-crystalline films [22][23][24], nano-wires [25][26][27], and nano-dots [28][29][30]. The study of Ge diffusion in nano-crystalline Si made of 40 nm-wide grains led to the conclusion that Ge atomic transport was faster in a Si nano-crystal than in the bulk of an infinite Si crystal [13,14]. This result is surprising and is still not yet understood. One could note that the Ge diffusivity in nano-crystals was observed to be the same as in the mono-crystal when the annealing temperature gets closer to the Si melting temperature [18]. Considering that Ge diffusion was shown to be mainly vacancy-mediated in Si [START_REF] Pichler | Intrinsic Point Defects, Impurities, and Their Diffusion in Silicon[END_REF][START_REF] Mehrer | Diffusion in Solids[END_REF]31,32], this last observation could be interpreted by a higher vacancy concentration in the nanovolume, with a concentration difference between macro-and nano-volumes decreasing when the temperature increases. However, before to look for further reasons explaining a faster atomic transport kinetic in the Si nano-crystals, the possible existence of fast diffusion paths in the nano-crystal need to be ruled out.

In this work, laser-pulsed atom probe tomography (APT) was used to investigate at the atomic scale the Ge distribution in the Si nanocrystalline layers in which the Ge lattice diffusion kinetic was found to be one order of magnitude faster than in Si bulk. Ge was found to be randomly distributed in volumes exhibiting sizes close to the average nano-grain size. The concentration profiles obtained with these Ge random distributions are in agreement with the profiles measured by secondary ion mass spectrometry used to measure the Ge diffusion coefficient, suggesting that Ge atoms used lattice diffusion in the nano-grains, without the use of fast diffusion paths such as dislocations. Thus, we proposed a scenario based on the difference of vacancy concentration between the surfaces (or interfaces) and the bulk of the nanocrystals to explain the faster Ge diffusion observed in Si nanograins.

EXPERIMENTS

The nano-Si layers used in refs. [13] and [14] to measure the Ge diffusion coefficient in Si nanograins, grain boundaries and triple junctions were analyzed by laser-pulsed atom probe tomography (APT) using a LEAP 3000X HR microscope. The samples were made of a 500 nm-thick nanocrystalline Si layer deposited at low temperature by chemical vapour deposition on a B-doped Si(001) substrate and exhibiting an average grain size of 40 nm [13]. The Ge diffusion source was implanted in the nano-crystalline layer after growth using an energy of 180 keV [13]. The samples were prepared for APT analysis using a Helios NanoLab Dual Beam Ga + focused ion beam from FEI, after covering the samples' surface with a 100 nm-thick Ni film by magnetron sputtering for protection [33]. The APT measurements were performed at 20K, with a laser pulse frequency of 100 kHz, using a laser power of 0.5 nJ.

RESULTS AND DISCUSSION

Fig. 1 presents APT measurements obtained on the sample annealed at T = 850 °C for one hour [13]. Fig. 1a shows the entire volume (40 × 40 × 350 nm 3 ), and Fig. 1b presents a 20 nm-thick slice taken in the center of the same volume. Each dot is a single atom, gray dots and red dots corresponding to Si and Ge atoms, respectively. In this figures, only 0.1% of the entire Si atoms are shown, while 100% of the Ge atoms are presented. The lateral size of the region exhibiting the highest Ge concentration in this volume (depth ~ 100 nm) is about the same as the Si nano-grains' average size.

The Ge atoms are randomly distributed. This is confirmed by a statistical study presented in Fig. 1c, showing that the Ge distribution in the entire volume (solid line) follows a random binomial distribution (dash line) centered on the average Ge concentration (~ 2 × 10 -4 %). APT measurements did not evidence any extended defects in which Ge atoms could gather and diffuse faster in the Si nanograins. In addition, the one-dimensional (1D) composition profiles measured by APT, corresponding to randomly distributed Ge atoms in the nano-crystalline layer, were found to be in good agreement with the secondary ion mass spectrometry (SIMS) profiles measured in the corresponding samples [13], showing that the SIMS profiles were not modified by grain boundary migration [34]. These observations suggest that the Ge atoms diffused in the Si nano-crystals without the use of extended defects such as dislocations, and that the diffusion coefficient measured in the Si nano-grains using the SIMS profiles manly corresponds to Ge vacancy-mediated lattice diffusion [START_REF] Pichler | Intrinsic Point Defects, Impurities, and Their Diffusion in Silicon[END_REF][START_REF] Mehrer | Diffusion in Solids[END_REF]31,32]. Thus, the understanding of a faster Ge atomic transport in Si nano-crystals is still needed. One can note that the Si(111) surface melting was found to occur at T sm = 0.84T m (with T m the Si bulk melting temperature), which corresponds to a T m = T m -T sm ~ 200 °C [35,36]. Si surface premelting confirms that the vacancy concentration at a material surface is in general larger than in the material bulk. For example, in the case of Sb diffusion in monocrystalline Si(Ge), the diffusivity was found to be several orders of magnitude faster in the sub-surface region compared to deeper into the bulk, despite that Sb diffusion was found to be vacancy mediated both in the bulk and under the surface [37,38]. Positron annihilation measurements shown that the concentration of vacancies (V) can vary significantly over tens of nanometers from a maximum at the surface until reaching a lower concentration plateau in the bulk of semiconductors [ [39][40]. For example, it was shown that at 400 °C, a depth of ~ 300 nm is needed to be reached in Si in order to observe a constant vacancy concentration [39]. All these results suggest that, at a given temperature, the vacancy equilibrium concentration at the surface (C Vs * ) is higher than in the bulk (C V * ), and that a stationary state may be reached between the surface and the bulk at equilibrium, forming a decreasing vacancy concentration gradient from the surface to the bulk on several nanometers deep before to reach a constant value. As a first approximation, one can use the data from the literature giving the Si bulk equilibrium vacancy concentration versus T to determine C Vs * from C V * considering that, for a given annealing temperature T a , C Vs * corresponds to the value of C V * at T = T a + T m . For example, at T a = 950 °C (in the annealing temperature range used in refs. [13] and [14]) one would obtain C V * = 8 × 10 14 cm -3 and C Vs * = 1 × 10 16 cm -3 from ref. [1]. Thus, vacancy diffusion in Si bulk during annealing can be simulated in a simplified way considering the diffusion equation

  V V V V V C C D k C C t x 2 * 2 d d , d d    (1) 
with C V the local vacancy concentration, D V the vacancy diffusion coefficient, and k the bulk vacancy annihilation/formation rate. During annealing in a diffusion furnace, the sample temperature changes rapidly from room temperature T 0 to T a , and thus, the vacancy concentration increases from C V * (T 0 ) (which is negligible [1,[START_REF] Pichler | Intrinsic Point Defects, Impurities, and Their Diffusion in Silicon[END_REF]) to C V * (T a ). Kinetics being faster at the surface compared to in the bulk, C Vs attained, while C V * (T a ) would need more time to be reached, depending on D V and k. k is the only unknown parameter in Eq. ( 1), since D V can be obtained from the literature. We choose to use the value from the same ref. [1] as for C V * , giving D V = 1 × 10 -9 cm 2 s -1 at T a = 950 °C. k was determined simulating the vacancy concentration variations in an semi-infinite Si substrate during annealing at 950 °C using Eq. ( 1), and assuming that the depth of the vacancy concentration gradient from the surface to the bulk was smaller than 100 nm. Fig. 2a presents the vacancy concentration profile obtained for the same simulations performed in the case of a thin film exhibiting a thickness of 500 nm, for three different annealing time t = 1, 10, and 100 hours. The gradient profile observed close to the surface is identical to the one obtained in case of a semiinfinite substrate. It varies from C Vs * (950 °C) = 1 × 10 16 cm -3 and C V * (950 °C) = 8 × 10 14 cm -3 , and corresponds to k = 5 × 10 2 s -1 . This profile is quickly obtained during the simulation, and thus, does not vary for the three annealing times investigated. Considering the same simulation parameters C V * , C Vs * , D V , and k determined for T a = 950 °C, one can perform the same simulation varying the thickness of the film. Fig. 2b presents the vacancy concentration profile obtained in layers exhibiting four different thicknesses d = 500, 100, 50, and 25 nm. One can note that due to the difference between the equilibrium vacancy concentration at the surface and in the bulk, and due to the kinetic parameters involved in simulation, the global vacancy concentration in the Si film increases when the thickness of the film decreases for thicknesses smaller than 100 nm. Assuming that Ge diffusion is mediated by the direct vacancy mechanism (no GeV pairs), the diffusion of a Ge Gaussian distribution located in the center of the film was simulated at T a = 950 °C using the following equation

Ge Ge V V C C C D t C x 2 2 0 d d , d d  (2)
as well as using Eq. ( 1) describing vacancy concentration variations. C 0 = 5 × 10 22 cm -3 is the Si atomic density. The simulation was performed for seven different film thicknesses d = 500, 400, 250, 100, 50, 25, and 10 nm. Fig. 3a presents the initial Ge distribution (red solid squares) located in the center of the film in the case of a 100 nm-thick film, as well as the diffusion profile (open circles) obtained after the simulation of one hour annealing. In order to extract an effective Ge diffusion coefficient (D Ge ), the obtained diffusion profiles were fitted using the Fick diffusion equation (green solid line in Fig. 3a):

Ge Ge Ge C C D t x 2 2 d d . d d  (3) 
Fig. 3b presents D Ge (950 °C) variations versus the film thickness (d). The solid red line corresponds to the equilibrium Ge lattice diffusion coefficient D Ge * = C V * D V /C 0 = 1.6 × 10 -17 cm 2 s -1 calculated using C V * (950 °C) = 8 × 10 14 cm -3 and D V (950 °C) = 1 × 10 -9 cm 2 s -1 from ref. [1]. The Ge diffusion coefficient increases significantly when the film depth decreases below 100 nm. The Ge diffusion coefficient corresponding to the experimental nanograins' average size (40 nm) in the nano-crystalline Si layer was taken from this figure and compared to the experimental diffusion coefficients in Fig. 4. In this last figure, the experimental Ge lattice diffusion coefficients measured in Si bulk by Hettich et al. [31] (dot line) and Dorner et al. [32] (dash line) are given versus temperature with the Ge diffusion coefficient measured in 40 nm-wide Si grains [14] (solid squares), and the simulated D Ge (950 °C) (red open circle). D Ge * is also plotted (red solid circle). It is in quite good agreement with the experimental data from Hettich et al. and Dorner et al. Similar to the experiments, the simulated diffusion coefficient is found to be about one order of magnitude faster in the 40 nm-wide grains than in the bulk, due to an increase of vacancy concentration. Of course, the simulations are not quantitative since we only considered a single surface in a one-dimensional model (film geometry) instead of six interfaces in case of a cubic grain (3D geometry), and that k was not determined from experimental observations. However, these simple calculations show that an increase of the vacancy concentration may occur in some materials when the crystal size is reduced to tens of nanometers, depending on the difference of point defect concentration between the surface Fig. 4. Ge diffusion coefficients measured in the Si mono-crystal (dot line from [31] and dash line from [32]) and in 40 nm-wide Si grains (solid square [14]), compared with the corresponding coefficients obtained in the simulations at T = 950 °C (red solid circle in the mono-crystal and red open circle in the nano-grain). and the bulk, and depending on the point defect formation/annihilation kinetic in the considered material. One can also note that the density of extended defects such as dislocation is expected to be reduced in nanocrystals, and thus, point defect formation/annihilation kinetics should be different in nanocrystals and in macroscopic crystals.

CONCLUSION

APT measurements were performed on Si nanocrystalline layers, in which the Ge diffusion coefficient in the nano-grains was found to be faster than in macroscopic Si crystals. APT analyses did not evidence any extended defects in the nanograins, nor grain boundary migration effects that could explain the faster diffusion of Ge atoms. All the Ge atoms detected by APT were found to be randomly distributed, and their 1D composition profiles were found to be in good agreement with the SIMS profiles used to measure the Ge diffusivity. Thus, considering that Ge diffusion in the Si nanograins corresponds to Ge lattice diffusion, a possible explanation of the observed diffusion kinetic increase in nanocrystals is given, based i) on the difference of equilibrium vacancy concentration between the surface and the bulk of the nanocrystal, and ii) on point defect kinetics. Numerical simulations show that despite a significant difference in vacancy concentration between the surface and the bulk of a nanocrystal, an increase of vacancy concentration in a nanocrystal is highly dependent on the diffusion coefficient and on the vacancy formation/annihilation rate in the material.
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 1 Fig. 1. APT measurements performed on the Ge-implanted Si nanocrystalline layer annealed at 850 °C for one hour: a) an entire APT volume showing 0.1% of the detected Si atoms (gray dots) and 100% of the detected Ge atoms (red dots); b) a 20 nm-thick slice taken in the center of the same volume; and c) the atomic distribution of Ge atoms in the APT volume (solid line) compared to an atomic random distribution (dash line).
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 2 Fig. 2. Vacancy concentration profiles simulated at T a = 950 °C using Eq. (1): a) versus annealing time in a 500 nm-thick 1D crystal; and 2) versus the 1D nanocrystal size d after one hour annealing.
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 3 Fig. 3. Simulation results of Ge diffusion in a 1D Si nanocrystal using Eqs. (1) and (2): a) Ge concentration profiles in a 100 nm-thick 1D crystal, the red solid squares, the open solid circles, and the green solid line correspond to the initial Ge profile, the Ge profile after annealing at 950 °C for one hour, and the numerical fit of the Ge profile after diffusion using Eq. (3), respectively; b) variations of the Ge effective diffusion coefficient versus the nanocrystal size d.

ACKNOWLEDGEMENTS

This work was supported by the French National Agency for Research (ANR) through the Program "Science de l'ingénierie" (Project DoGeTec, no. ANR-12-JS09-0015-1).