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High resolution transmission electron microscopy (HRTEM) is used extensively in the semiconductor industry for
device characterization, and has become one of the highly favored techniques for characterizing the latest generation of
ultra-thin gate oxides in MOSFET devices. However, relatively little is understood (either quantitatively or
experimentally) about the limitations of HRTEM in detecting structural defects in gate oxides that could affect device
performance. To investigate model defects experimentally, it would be necessary to construct “perfect” gate oxides,
introduce defects with size and morphology known perfectly a priori, successfully make thin specimens that capture the
defects, and then perform imaging experiments in the HRTEM. Since that task is virtually impossible, we have
performed HRTEM image simulations to assess the visibility of various structural defects in gate oxides. The gate oxide
was modeled as an amorphous silicon oxide 16.3A-thick, sandwiched between a gate and substrate. The substrate was
(100) silicon viewed along the [110] direction. Typical gate electrodes of real devices are fabricated of polysilicon, but
since multi-slice programs cannot easily accommodate a polycrystalline material, single crystal silicon identical to the
(100) silicon of the substrate was used for the gate electrode. Crystalline defects were embedded in the gate oxide (Fig.
1) and simulated images were calculated with varying defect morphology, composition, size and orientation. We
considered both hemispherical and pyramidal asperities lying on the substrate surface, as well as "bridging" defects that
connect the substrate to the gate electrode. Image calculations of the sandwich structure were performed to simulate
cross-sections with Si[110] paralel to the electron beam direction using the multislice approximation for a 200 kV
microscope with C;=0.5mm". A layer of amorphous silicon was added to the top and bottom of the specimen to account
for amorphization that is known to occur during typical specimen preparation. The total specimen thickness in the beam
direction was varied from 92 A to upwards of 300 A in order to understand the effect of specimen thickness on defect
visibility within the experimentally-allowabl e thickness range.

We performed simulations with crystalline silicon defects embedded in the gate oxides. These defects were of various
sizes having cylindrical, hemispherical, and pyramidal morphologies, and oriented with different low-index directions
parallel to the beam direction. The simulations suggest that for a 200 kV microscope with Cs=0.5mm, silicon [110] isthe
most visible defect orientation, regardless of defect size or morphology. Silicon [111] and [100] defects were observable
for very small specimen thicknesses (<100A) and large defect sizes (>40A), but were not visible for realistic specimen
and defect sizes. Fig. 2 shows the effect of defect size on visibility for [110]-oriented cylindrical silicon bridging
defects. The 20 A cylindrical defect is faintly detectable, whereas the 10 A defect is not. The importance of crystal
orientation on defect visibility isillustrated in Fig. 3 for hemispherical surface defects with a16 A -radius. It can be seen
that the [110] defect is dightly visible, the [111] defect is less visible, and the [100] defect is invisible. For specimens
significantly thicker than 123 A, which is typical of routine experimental work, the defects become invisible regardless
of orientation. Defect visibility is consistently more pronounced at Scherzer defocus than at minimum contrast.
Reducing the microscope's coefficient of spherical aberration to zero enhances the visibility of [111]-oriented silicon
defects (Fig. 4), but does not noticeably improve the visibility of [100] or [110] silicon defects. Images were also
simulated incorporating defects with different chemistry (such as Cu and voids). Hemispherical copper [111] surface
defects with 10A-radius were not visible in the gate oxide even at an unrealistically low specimen thickness of 69 A.

Results from this work reveal some fundamental limitations of the utility of HRTEM for characterizing defects in gate
oxides, even with the new generation of Cs corrected microscopes. These also results point out the importance of
specimen preparation on the results that can be obtained.
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FIG 1 Schematic of model structure

S : showing different types of defects.
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