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Estimation of 3-dimensional structure of atomic force microscope (AFM) probe and
correction of the AFM image for precise measurement of nano-structure with high
aspect ratio using AFM

Yasuhiko Harada

Abstract

In this paper, I described new concept and method for accurate measurement of high aspect ratio
structure in the nano-scale device by using atomic force microscope (AFM). The AFM is one of the
scanning probe microscopes (SPMs), which was used for measuring of dimensions of the
micro-fabricated devices. Especially, I also studied the tip-induced distortions of measuring AFM
image of the sample and reconstruction methods for an accurate AFM image.

The AFM image has high accuracy because the AFM can measure the surface structure by using
very weak atomic force between the probe and sample, and control 3-dimensional positions of the
probe as constant force. In the case of conventional AFM observation with the finite size of tip, the
AFM image is reliable with no tip effect when the corner size of the sample surface structure is
larger than the tip apex. However, when the sample surface has smaller structure than apex of the
tip, the image of the sample surface does not reflect to sample surface because contact point
between the tip and sample surface is not constant. Consequently, the AFM image contains the
structure of the tip shape. The tip-induced distortions become serious problem for accurate
measurement. A reconstruction of the AFM image by eliminating tip shape is required in order to
obtain the accurate AFM image. In this study, I studied method of reconstruction technique of the
AFM image by using estimated 3-dimentinal (3-D) tip shape by applying the impulse response
technique. To reconstruct the image of the sample surface, I used a morphological reconstruction
process. As results of tip estimation, I demonstrated that the proposed method by using the impulse
response technique with a cylindrical column standard sample and data processing for sharp column
is effective for estimating of 3-D tip shape, which was used in the reconstruction of accurate AFM
images. In the experiment of the surface reconstruction by using estimated tip shape, it
demonstrated that the reconstructed method provided near original sample surface image compared
with as-measured AFM image. Therefore, I clarified that it is very effective for accurate 3-D
measurement using AFM to use the surface reconstruction and the tip shape estimation. The details
of this paper are described as follows.

In chapter 1, I described the trends of miniaturization of semiconductor devices with roadmap
published by ITRS. Then, I describe the overview of the AFM observation for semiconductor
devices, and pointed out tip-induced distortion of AFM image.

In chapter 2, the principle of the AFM measurement and factors of the distortion in the AFM



image were explained including the device configurations, atomic force detection, etc. The
configuration of the AFM showed the optical sensor to detect the deflection of cantilever and
actuator for scanning of the probe or sample. The AFMs such as contact mode, tapping mode,
step-in mode, and non-contact mode were described as the AFM measurement. Especially, the AFM
image contains some distortion or structure error caused by the feedback delay and error, the
tip-induced distortion, and tip and sampling structures. As previous tip estimations, I explained
them reported for the accurate AFM images. According to technical issues of them, I propose the
method of (1) reconstruction technique of the AFM image by new method (2) using the tip shape
estimated from the impulse response technique to solve the issues of previous techniques.
Regarding the reconstruction of the AFM image, I used the morphological reconstruction process to
make as-measured AFM image correct to obtain the original surface.

In chapter 3, I showed the experimental procedure for check of the availability of the proposed
tip estimation and surface reconstruction method. The standard sample which made by dry etching
had fine silicon column arrays with a height and diameter of 500 and 640 nm, respectively. The
diameter of the apex of the tip was below 20 nm. I used contact mode AFM and high resolution
scanning electron microscope (SEM) to check the problems of commercial AFM image and original
SEM image. Comparing the observed images, I pointed out the tip-induced distortions in AFM
image. Then, I concretely explained the method for estimation of tip shape from as-measured AFM
image by using the impulse response technique and I reconstructed correct AFM image by
removing a part of distortion influenced by the tip shape from the AFM image.

In chapter 4, I demonstrated that the standard sample of Si column arrays was appropriate for the
tip estimation by using impulse response technique and data processing. I estimated tip shape from
as-measured AFM image including distortion due to the tip shape, and reconstructed correct AFM
image by removing a part of the distortion. In the estimation, I described how to obtain the 3-D
AFM pyramidal tip shape using a commercial pyramidal tip and column array standard sample. The
estimated tip radius was 14 - 15 nm in various profiles of the tip. The results indicated that the
proposed tip estimation method was effective to estimate a 3-D AFM tip structure in order to obtain
an accurate AFM image. After the tip estimation, I reconstructed the AFM image using the
estimated tip shape. Comparing the cross-section of the tip shape with SEM image, the width of the
upper surface of the reconstructed image of the standard column was corrected to be slightly
smaller than that in original AFM image (about 30 nm). Comparing this profile with the original
SEM image, it was nearly the same as the original sample diameter. I clarified that it was very
effective for accurate 3-D measurement using AFM to use proposed method.

In chapter 5, I summarized the studies of the tip shape estimation and surface reconstruction by
using impulse response technique. I concluded the proposed method was very effective for accurate

observation of nano-scale structure using AFM.



