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Shrinking integrated circuit feature sizes require constantly improving metrology tools. The scanning electron microscope (SEM) remains a workhorse tool for semiconductor metrology but TEM and AFM are increasingly used for minimum size features. [1,2] Thus it is natural to squeeze out every possible bit of resolution in the SEM for semiconductor metrology and for analyzing nanotech materials. In this paper we will discuss an image processing technique called Blind Deconvolution.

As it applies to images, deconvolution is the process of removing the blur function from an image. Blind deconvolution methods are used in cases where the blur function cannot be measured or accurately modeled.  In some cases, the application of a sharpening filter will suffice.  However, if accuracy is important, or the blur function is large or non-symmetrical, more sophisticated methods, such as maximum entropy or nonparametric finite support. [3] Here we apply the self-deconvolving data reconstruction algorithm (SeDDaRA). [4] This approach extracts the blur function directly from the image and uses conventional deconvolution method to remove it.  This is a non-iterative method that has proven success on a large variety of imaging systems.

By comparing the full-width half-maximum of select peaks in the unprocessed and processed images, we estimated improvements in the SEM resolution by about 40%. This was achieved by modifying the procedure in two ways.  First, the captured images were saved as 16-bit, as opposed to 8-bit, TIFF images. Computer screens typically show only 8-bits of gray scale, however the deconvolution results were greatly improved when 16-bits of information was preserved.  Once a SEM image is acquired, saving it as a 16-bit TIFF file does not present any particular problem except for requiring somewhat larger file space. 

The second improvement is providing sufficient signal-to-noise. A typical 20 second SEM slow scan has about 20:1 signal-to-noise. However, the SEM images used for these experiments gave the best response to the deconvolution algorithm when the signal-to-noise ratio was at least 120:1, which corresponds to an acquisition time of 10 minutes. SEMs can certainly be used to take very long acquisitions as long as (1) the beam and sample stage are stable against drift, and (2) the sample is resistant to damage.  Both the 16-bit depth and the high signal-to-noise act to preserve the system blur function information in the image.

Two examples are presented below. Fig. 1 shows a standard SEM resolution standard that consists of gold islands on a carbon substrate. The magnification is quite high, 500,000x. The acquisition time was 10 minutes. Fig. 1a is the unprocessed image, while the processed image is shown in Fig. 1b. The resolution improvement is visually discernable and there do not appear to be any artifacts such as are usually produced by “sharpening” routines.

Fig. 2 is the grain pattern of a thin gold sputter coating on aluminum metallization on a silicon chip. The magnification is 200,000x. Again, the acquisition time was 10 minute and Fig. 2a is the unprocessed image, while Fig. 2b was processed using SeDDaRA. The resolution improvement is also noticeable but there are some slight artifacts such as the “ringing” see at the left margin of the image. The very long acquisition time resulted in the edges of the image being quite dark. It is unclear whether this was due to carbon deposition or charging effects.

Fig. 3 shows a line plot of image intensity vs. pixel number for the left side of Fig. 2, before and after deconvolution. Using random peaks in this data, it was determined that resolution has improved by 40%.

Discussion and Conclusion

The major limitation to this technique is the very long image acquisition time (as long as 10 minutes) required to obtain the necessary signal to noise ratio. Since this technique would be primarily valuable for images near the resolution limit, it is likely to be used at very high magnification, i.e. 200,000x or above. At that magnification, image drift of greater than 1 nm per minute is liable to cause significant distortion to the image. Therefore the stage and electron beam must be stable against drift to better than 1 nm per minute. The sample must also be sufficiently clean and robust that 10-minute exposures do not cause charging, carbon deposition, or beam damage. Beam sensitive materials such as low-k dieletrics are probably not suitable subjects for this technique. The long acquisition time also makes it unsuitable for routine metrology measurements which require very rapid throughput. 

In conclusion, we have shown that blind deconvolution is a useful technique for improving images at the limit of resolution in the SEM. However, the long acquisition time required for obtaining the appropriate signal-to-noise ratio place significant restrictions on the SEM stability and the sample robustness.
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Fig. 1a: SEM of a Gold-on-Carbon resolution standard, 500,000x magnification.
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Fig. 1b: Same image as Fig. 1a following application of blind deconvolution.
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Fig. 2a: SEM of gold sputter coating, 200,000x magnification.
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Fig. 2b: Same image as Fig. 2a following application of blind deconvolution.
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Fig. 3: Image intensity vs. pixel number of a line plot from the left side of Fig. 2, before and after deconvolution.  The higher peaks, lower valleys, and greater detail are indicative of improved resolution.

