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Summary

This report summarizes research results during the last part of Phase I and first part of Phase II of our subcontract.  The major technical results consist of 

· optimization of the growth conditions for silicon epitaxial growth by hot wire CVD on Si (001) and large-grained polycrystalline templates.  In particular, we find the key features of low temperature Si epitaxy by HWCVD are appropriate hydrogen dilution to suppress growth of amorphous Si and also appropriate growth temperature to inhibit epitaxial growth surface oxidation.  Important practical issues related to surface cleaning prior to epitaxy were also elucidated.

1. HWCVD Epitaxial Si Growth Optimization

Growth and Surface Cleaning

The epitaxial films were grown in a reconfigured reactor using a mixture of 4% SiH4 in He at a pressure of 25 mTorr and a flow rate of 16 sccm, providing the same amount of SiH4 in the reactor as in the previous experiments described in our last annual report. Under these conditions, the maximum achievable H2:SiH4 ratio was 50:1, using 50 mTorr H2 at a flow rate of 52 sccm. The wire was positioned at a distance of 2.5 cm from the substrate in order to increase the growth rate to 0.1 nm/s for diluted growth. This required a decrease in wire temperature to 1800 C. The wire radiatively heated the substrate to 300 C and, with the addition of a separate resistive heater, substrate temperatures up to 475 C could be achieved. Under these conditions, undiluted growth at all temperatures produced polycrystalline films. Vacuum pressures were kept below 5×10-7 Torr and inline gas purifiers (Nanochem MiniSentry) were added to the system to further decrease carbon and oxygen contamination. Before growth, surfaces were cleaned with UV-ozone for 10 minutes, dipped in HF, and heated to 200 C in vacuum to desorb hydrocarbons as before. 

Since low doses of atomic hydrogen have been shown to be an effective in-situ method for removing surface carbon and oxygen, residual hydrocarbons and submonolayer oxides, for these experiments an additional atomic hydrogen-cleaning step was added. Samples were cleaned for 5 minutes with atomic hydrogen at an H2 flow rate of 2.2 sccm, corresponding to a chamber pressure of approximately 10-4 Torr. We estimate the total dose of atomic hydrogen to which the substrate is exposed by considering the wire as an effusion source of atomic hydrogen. Assuming that all hydrogen molecules dissociate on the wire, we calculate that the maximum total dose of atomic hydrogen to which the sample is exposed during the cleaning is 360 Langmuir. AFM measurements on an unexposed Si (100) substrate and one exposed to a 360 Langmuir atomic H dose showed that no observable roughening of the surface takes place during the atomic hydrogen cleaning.  Exposure to doses of atomic hydrogen below this threshold has also been shown not to affect hydrogen surface coverage. Films were grown at an H2:SiH4 ratio of 50:1 at substrate temperatures from 300–475 C. Using a translatable shutter, we were able to grow films of several different thicknesses under identical growth conditions. The microstructure of the resulting films was characterized by TEM, RHEED and AFM.

Transmission Electron Microscopy 
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Figure 1.1 shows TEM micrographs of a film grown at 300 C to a thickness of 350 nm. Fig. 1.1 (a) gives evidence for epitaxial growth to a thickness of approximately 50 nm, followed by the emergence of stacking faults and twin boundaries which give rise to the extra spots in the diffraction pattern. Figure 1.1 (b) shows that the stacking faults and twinning extend from the initial 50 nm epitaxial layer through the full thickness of the epitaxial film. 

The 15-µm thick film in Fig. 1.2(a) displays twinned growth directly from the interface, probably due to non-optmized surface preparation. A mixed phase of twinned epitaxial and polycrystalline growth is observed (Fig. 1.2(b)), with regions of twinned crystalline growth extending as far as 300 nm into the film. The grain size of the polycrystalline film is on the order of 1 µm. The average growth rate for the polycrystalline film was 0.23 nm/s, which is more than twice as large as the growth rate of 0.1 nm/s observed for thin epitaxial films on Si (001). The increased deposition rate for polycrystalline films may be due to an increase in the number of possible growth sites as the film surface roughens.

Reflection High Energy Electron Diffraction 

RHEED is a technique that provides information about sample surface morphology and crystallography. A 25 keV electron beam was incident upon the sample surface at a grazing angle of 1.5 degrees. The resulting electron scattering features from the surface provide qualitative information about the surface morphology. We found that [image: image3.png]


these features correlate well with the microstructure observed by TEM, eliminating the need for tedious TEM sample preparation and analysis for each sample grown. Although the measurements described here were performed in a separate chamber, RHEED could easily be incorporated into a HWCVD reactor to allow the in situ observation of surface morphology at various stages of growth, although the high growth pressures used in HWCVD would make it necessary to interrupt growth before each RHEED measurement. Figure 1.3 shows the RHEED patterns of several films grown at 300 C. At 60 nm [Fig. 1.3(a)], double diffraction spots of lesser intensity than the main Si (100) spots first appear, indicating twinned growth. These double diffraction spots correlate with the TEM [image: image4.png]


images in Fig. 1.1, in which the onset of twinning is observed at a thickness of approximately 50 nm. The double diffraction spots increase in intensity as the films grow thicker, indicating that twinned epitaxial growth persists to a thickness of 1 µm, and new spots related to surface roughening appear [86]. At a thickness of 2 µm, a ring pattern consistent with a transition to polycrystalline growth is observed [Fig. 1.3(h)].
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We used TEM and RHEED to characterize the crystallinity of films grown at 50:1 hydrogen dilution and temperatures between 300–475 C in the 50nm – 2µm thickness regime and observed four phases of growth. The epitaxial phase was observable by TEM at thicknesses below 50 nm (Fig. 1.1); the twinned epitaxial, mixed and polycrystalline phases were observable by TEM (Fig. 1.2 and RHEED as illustrated in Fig. 1.4). From this data, we derived the phase diagram in Fig. 1.5. At 300 C, the predominant phases are epitaxial and twinned, with a transition to mixed phase or polycrystalline growth occurring somewhere between 1–2 µm of growth. As temperature increases, the epitaxial and twinned phases no longer persist and the transition to mixed phase or polycrystalline growth occurs at smaller film thicknesses.
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The results reported here for hydrogen-diluted epitaxial growth on Si (100) are broadly consistent with work reported elsewhere. Theisen et al. observed epitaxial growth with stacking fault defects at temperatures between 195–325 C, while Seitz and Schroder observed no stacking faults or surface roughening in their epitaxial films grown between 280–360 C.  Both of those experiments were done using approximately 10 mTorr of pure SiH4 and no additional hydrogen.  Although Thiesen et al. postulate that the reason that low-temperature epitaxy by HWCVD is possible because the growth species is SiH3, we believe that for our dilute silane conditions the dominant growth species are silicon atoms.  Kitagawa reported that, at 430 C, the critical thickness h epi for Si epitaxy by PECVD increases monotonically with hydrogen dilution at constant pressure, while at 120 C, there is an optimal hydrogen dilution, which produces the greatest value of hepi. Kondo et al. proposed a model for epitaxial growth in atomic hydrogen-rich processes in which hepi depends on the homogeneous surface hydrogen coverage of the Si (100) surface. At high temperatures, Si (100) undergoes a 2×1 reconstruction with monohydride coverage. The thermal desorption rate of hydrogen is high, and thus a high flux of atomic hydrogen is required to maintain this hydrogen coverage. At low temperatures, the Si (100) surface displays a 1×1 dihydride reconstruction. Here, it is thought that a flux of atomic hydrogen that is too high may lead to the abstraction of surface hydrogen and the formation of a monohydride surface. Therefore, a balance between the thermal desorption of hydrogen from the surface and the atomic hydrogen flux density is required for the persistence of epitaxial growth. 
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Figure 1.5: Phase diagram of HWCVD films grown at 50:1 hydrogen dilution.
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Figure 1.4: Phases of crystalline growth observable by RHEED. (a) 300 C, 60 nm thick twinned epitaxial film. (b) 300 C, 330 nm thick twinned epitaxial film; increased surface roughness is responsible for the differences from (a). (c) 475 C, 60 nm thick film of mixed phase; both spots (corresponding to twinned epitaxial growth) and rings (corresponding to polycrystalline growth) are evident. (d) 475 C, 330 nm thick polycrystalline film.
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Figure 1.3: RHEED patterns of films of increasing thickness grown at 300 C. The beam is along the <110> direction. Two phases of growth are observed: twinned epitaxial growth [a-g] and polycrystalline growth [h].
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Figure 1.2: Cross-sectional TEM of 15 µm-thick film grown at 300 C. (a) Stacking faults and twinning begin at interface. (b) Mixed twinned epitaxial/polycrystalline growth; twinned regions extend as far as 300 nm into film. (c) Grain size of polycrystalline film is on the order of 1 µm.
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Figure 1.1: Cross-sectional TEM of 350 nm-thick film grown at 300 C. (a) 50 nm-thick epitaxial layer before twinned growth begins. Inset: diffraction pattern from twinned region; (b) Twinning continues throughout film growth.
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