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Using a range of electron spectroscopic (plasmon, core-electron-edge, X-ray emission) and electron microscopic 
(high-resolution imaging and optical diffractometry) techniques it is established that unannealed SIPOS is 
non-crystalline SiOo.50 0.05 and that the annealed form contains microcrystallites of elemental silicon (100 
diameter). 

Thin films of the title material grown to a thickness of ca. 5000 
A on single crystals of silicon by chemical vapour deposition 
from mixtures of silane and nitrous oxide, figure eminently in 
modern high-voltage power devices and in the technology of 
metal-on-semiconductor integrated circuits (MOS-IC).' 
Little, however, is known about either the composition or the 
structure of these layers. Here we report the successful use of a 
combination of electron microscopy and electron spectro- 
scopy for t k  clarification of these structural and composi- 
tional problems. 

The composition of the SIPOS films has been determined by 
electron-energy-loss spectroscopy, utilizing plasmon frequen- 
cies2.3 and K-edge intensities,3-4 along with X-ray emission 
(0 K and Si K) spectroscopy,sg much in the manner 
employed3-5.9 by us previously to characterize microcrystalline 
catalysts and adsorbents. Details of the microstructure have 
been determined by the use of high-resolution electron 
microscopy (HREM)lO?11 combined with optical diffrac- 
tometry, just as in our earlier studies of zeolites12J3 and other 
minerals. 14 

Layers of SIPOS were chemically (vapour) deposited from a 
preset SiH4-N20 mixture in N2 as carrier gas, onto the (111) 
face of a wafer of single-crystal silicon which had been 
previously cleaned in HF. The temperature of the Si surface 
was 625 "C. When required, annealed SIPOS layers were 
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obtained by heating the substratum and its overlayer in N2 at 
900 "C for 30 min. Specimens for microscopy [i .e.  thin Si( 110) 
cross-sections, showing in elevation the SIPOS deposited on 
the underlying Si single crystal] were prepared as previously 
described. 15 Electron-energy-loss spectra were recorded316 in 
a conventional transmission electron microscope operating at 
80 kV (vacuum 10-7 Torr) equipped with a magnetic 
spectrometer having a resolution of ca. 4 eV. High-resolution 
electron micrographs and X-ray emission spectra were recor- 
ded with a JEOL 200 CX microscope equipped with an 
ultra-high-resolution polepiece and a special double-tilt 
goniometer stage. A similar microscope equipped with a 
windowless Li-drifted Si detector for energy dispersive analy- 
sis permitted analytical (X-ray emission) studies to be carried 
out11 on microregions of the films. 

Using the integrated intensities of a 50 eV window above 
the K-edges of both oxygen at ca. 530 eV and silicon at ca. 
1839 eV in the electron-energy-loss spectrum (Figure la), and 
using the corresponding signals from thin fractured fragments 
of vitreous silica to calibrate the calculated3 cross-sections for 
core-level electron-energy losses, the chemical composition of 
the SIPOS was determined to be SiOo,50 o.05. This result is 
very close to that obtained using another electron-probe 
method, the X-ray emission technique. The areas under the 
0 K and Si K peaks generated when the primary electron beam 
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Figure 1. (a) Portions of the electron-energy-loss spectrum encompassing the K-edges of oxygen and silicon in (i) SIPOS, (ii) vitreous Si02. 
Areas containing a 50 e V  limit above each 'loss' edge are used (see ref. 4) to compute the Si/O ratio. (b) Electron-induced X-ray emission 
peaks (0 K and Si K) from thin sections of (i) SIPOS and (ii) vitreous Si02. 
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SIPOS (as deposited ) 

SIPOS ( a n n e a l e d )  

Figure 2. (Above) High-resolution image of single-crystal silicon and its adjacent non-crystalline, as-prepared, semi-insulating poly- 
crystalline silicon (SIPOS). The low-resolution image (at left) reveals the presence of the non-crystalline native oxide (25 A thick) more 
clearly than the high-resolution image (right), and the electron diffraction pattern (top right) generated by the SIPOS reveals the non- 
crystallinity. (Below) High-resolution image of silicon substratum and of the annealed SIPOS. The microcrystallites visible in the SIPOS were 
shown to be elemental silicon by diffractometry (refs. 13, 14). The spots in the optical diffractogram (top right) correspond to those obtained 
from pure, crystalline silicon. 
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is focused on the SIPOS, compared with the corresponding 
areas obtained from a vitreous silica sample, yielded the Si/O 
ratio (Figure lb).  Gratifyingly the results of another indepen- 
dent thin-film analysis, Rutherford back-scattering,lb using a 
primary beam of ions indicated that 30 atom % of the SIPOS 
layer is oxygen. Furthermore, the frequencies of the plas- 
mons2J in Si, SiOz, and SIPOS were determined to be, 
respectively, 16.7,23.2, and 17.6 eV, values that are interpre- 
table in terms of the SIPOS layers being a suboxide. 

The ultrastructural details of the interface between silicon 
and the SIPOS, and the internal features of the latter, are well 
revealed by HREM (Figure 2). The crystalline Si substrate is 
seen to possess a thin (25-30 p\) amorphous layer of so-called 
‘native oxide,’ known17 to form on Si surface upon exposure to 
air at room temperature. And the non-crystallinity of the 
contiguous SIPOS is apparent both in the real-space image 
and in the corresponding electron diffraction pattern. 
Annealed SIPOS, on the other hand, is seen by optical 
diffractometry, using He-Ne laser light as a source to consist 
of islands (d 100 8, in linear dimension) of microcrystalline Si 
dispersed in the amorphous suboxide. 

The picture that emerges from our direct study of compo- 
sition and structure by a variety of electron microscopic and 
electron spectroscopic techniques leaves little doubt that 
as-prepared SIPOS itself is a non-crystalline suboxide of 
silicon, but that the annealed form contains both crystalline 
elemental silicon and non-crystalline suboxide. These conclu- 
sions are in line with, and extend, the views recently expressed 
by Hitchman.18 These results are further corroborated by 
scanning transmission electron microscopy,19 where an elec- 
tron beam of cross-section ca. 10 8, may be used, and by 
earlier X-ray photoelectron spectroscopic studies.20 
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