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ABSTRACT

Advances in nanotechnology have resulted in a variety of exciting new nanomaterials, such as nanotubes,
nanosprings and suspended nanoparticles. Characterizing these materials is important for refining the man-
ufacturing process as well as for determining their optimal application. The scale of the nanocomponents makes
high-resolution imaging, such as electron microscopy, a preferred method for performing the analyses. This work
focuses on the specific problem of using transmission electron microscopy (TEM) and image processing tech-
niques to quantify the spatial distribution of nanoparticles suspended in a film. In particular, we focus on the
problem of determining whether the nanoparticles are located in a co-planar fashion or not. The correspondences
between particles in images acquired at different tilt angles is used as an estimate of co-planarity.

Keywords: Transmission electron microscopy, image segmentation, spatial distribution

1. INTRODUCTION

Advances in nanotechnology have resulted in a variety of exciting new nanomaterials, such as nanotubes,
nanosprings and suspended nanoparticles. Characterizing these materials is important for refining the man-
ufacturing process as well as for determining their optimal application. The scale of the nanocomponents makes
high-resolution imaging, such as electron microscopy, a preferred method for performing the analyses. This
work focuses on the specific problem of using transmission electron microscopy (TEM) to quantify the spatial
distribution of nanoparticles suspended in a film. In particular, a new printing technology is under development
that would allow almost any substrate to be coated with a light emitting film, thus enabling a new class of
opto-electronic devices. The light emitting properties of this 50-100 nanometer thick polymer film depend on the
spatial distribution of the 4-5 nanometer suspended particles. However, the electron scattering properties of the
polymer film result in a low signal-to-noise ratio (SNR) so that even identifying the nanoparticles is a challenge.
Images showing the suspended particles appear in figure 9.

While a single image might be sufficient to characterize the in-plane (x-y axes) distribution of the particles—
even if only through visual inspection—it is not sufficient for the out-of-plane (z axis) distribution. Towards
this end, we capture images of a sample at different tilts. The major contribution of this work is the devel-
opment of image processing algorithms for estimating the distribution of the particles in the z-direction using
the images captured at different tilts. Several limitations prevent us from employing traditional techniques for
three-dimensional reconstruction, such as the Fourier slice theorem commonly used in computed tomography.?
These limitations include the low SNR of the images, the large number of particles, and the limited tilt angles
possible (20 degrees). New techniques are needed.

The proposed approach exploits the basic geometry of the imaging environment. It is based on the fundamen-
tal premise that nanoparticles exhibit different patterns of apparent movement in the tilted images depending
on whether they are distributed in a co-planar fashion or not. We demonstrate the effectiveness of the approach
on a simulated dataset. A fundamental challenge in applying the technique to real TEM imagery is locating the
particles. We explore the use of image segmentation techniques to accomplish this.

The rest of the paper is organized as follows. Section 2 describes the problem in more detail. Section 3
describes the proposed approach. Section 4 presents the results of applying the proposed approach to simulated
and real datasets. And, section 5 concludes with a discussion.
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2. THE PROBLEM

This paper addresses the problem of using TEM and image processing techniques to estimate the spatial distri-
bution of nanoparticles suspended in a polymer film. The nanoparticles are 4-5 nm. in diameter and the polymer
film has thickness 50-100 nm. A single TEM image can be used to observe the in-plane (x-y) distribution of
the particles. Estimating the out-of-plan (z) distribution of the particles is more challenging since the depth
information is projected out in a single face-on TEM image.

It is possible, though cumbersome, to cut the film and image it from the side to better observe the z
distribution of the particles. We here investigate an alternate approach which combines images acquired at
different tilts to estimate the z distribution. Fundamental constraints, however, prevent application of the
Fourier slice theorem commonly used in computed tomography to recover depth information.! The samples can
only be tilted over a range from -20 to +20 degrees along a single unknown axis. Further, the images suffer from
a very low SNR that make establishing correspondences between particles in the tilted images very difficult.

3. THE APPROACH

Our approach exploits the geometry of images acquired at different tilts. The fundamental premise is that the
nanoparticles exhibit different patterns of apparent movement in the tilted images depending on whether they
are located co-planar in the film or not.

Figures 1(a) and 1(b) contain simulated side views of films containing particles that are located co-planar
and not co-planar, respectively. Figure 2 simulates images of the the co-planar particles at different tilt angles.
Observe that tilting the film in this case results in a uniform scaling of the particle locations in the direction
perpendicular to the tilt axis. Further, the scaling is the same no matter the location of the tilt axis. Conversely,
figure 3 simulates images of the the non co-planar particles at different tilt angles. Observe that tilting this
film does not result in a uniform scaling of the particles in the direction perpendicular to the tilt axis. The
relative locations of the particles in the images depends on their z distribution in the film. We seek to exploit
this phenomenon to determine whether nanoparticles in real film samples are located co-planar or not.

We use simulated images of simulated film samples to demonstrate the approach. Figure 4(a) shows an image
taken at 0 degrees tilt of a film with co-planar particles. Figure 4(b) shows an image of the same film but at a
tilt of 20 degrees along a tilt axis at 30 degrees. Figure 4(c) shows an image taken at 0 degrees of a film with
non co-planar particles (the x-y locations of the particles are the same as in the co-planar film in figure 4(a)).
Figure 4(d) shows an image of this non co-planar film at a tilt of 20 degrees also along a tilt axis at 30 degrees.

The key to the proposed approach is the differences in apparent motion of the particles between the images
in figures 4(a) and 4(b) which are shown superimposed in figure 5(a), and the images in figures 4(c) and 4(d)
which are shown superimposed in figure 5(b). In the case where the particles are co-planar, the particles move
perpendicular to the tilt axis a distance that is proportional to their distance from the tilt axis. Such uniform
movement does not result in the case where the particles are not co-planar.

This motivates the following. If the tilt angle and tilt axis are known then the locations of co-planar particles
in an image taken at one tilt can be used to estimate the locations of the particles in an image taken at a different
tilt. Figure 6(a) demonstrates this: the image in figure 4(b) has been scaled and superimposed on the image
in figure 4(a). Since the particles are coplanar and the tilt angle and tilt axis are known the particles align
perfectly. This is not the case if the particles are not co-planar as shown in figure 6(b). Thus, determining how
well particles align after their locations are appropriately scaled can be used as a test for whether the particles
are co-planar or not.

In the particular problem we are addressing, the amount of tilt is known but the actual tilt axis is unknown.
We thus adopt the following approach. We determine how well the particle locations align over the range of
candidate tilt axis angles, which is from 0 to 179 degrees due to symmetry. Alignment is measured by whether
the scaled location of a particle in one (tilted) image is within a certain distance of any particle in the other
(non tilted) image. In the case of co-planar particles, it is expected that this alignment will exhibit a significant
peak at the angle corresponding to the true tilt axis. In the case of non co-planar particles, the alignment will
not exhibit such a peak.
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4. RESULTS

This section presents the results from applying the proposed approach, first to a simulated dataset and then to
a real dataset.

4.1. SIMULATED

Two simulated films were produced. One in which the x and y locations of the particles were randomly distributed
but the z locations were constant. These particles are co-planar. In the other film, the x, y, and z locations
were randomly distributed. These particles are not co-planar. We then calculated the exact x-y locations for the
particles in these two films in simulated images taken at 0 and 20 degree tilts (at a fixed tilt axis).

Then, for each candidate tilt axis we measured the correspondences between the scaled locations of the
particles. Two particles known to correspond were used to align the sets of particles. We then measured how
many of the remaining particles in one of the sets was located within a certain distance (tolerance) of any particle
in the other set. This is known as the number of matches.

Figure 7(a) shows the correspondence for the simulated co-planar particles as measured by the number of
matched particles. The tolerance was set to 1 pixel. The correspondence exhibits a significant peak at 30 degrees
which was the actual tilt axis angle used to produce the particle locations in the simulated tilted images. Figure
7(b) shows the correspondence for the simulated non co-planar particles. The correspondence in this case does
not exhibit a significant peak for any candidate tilt axis angle. There is a slight rise around the correct tilt axis
angle of 30 degrees as this is where the particles that do happen to be co-planar align.

The above results represent the optimal situation in which the precise location of the particles in the simulated
images are known. We also considered a slightly more realistic situation in which the images, such as those shown
in figure 4, were used to estimate the particle locations. In particular, watershed segmentation using gradients?
was used to identify the regions corresponding to the particles. The centroids of these regions were then used as
the particle locations. Figure 8(a) shows the correspondence for the simulated co-planar particles as measured
by the number of matched particles. The tolerance was set to 1 pixel. Again, the correspondence exhibits a
significant peak at 30 degrees. The peak is a bit lower than in the case above where the exact particle locations
were known due to inaccuracies resulting from the segmentation. The correspondence for the non co-planar case
shown in figure 8(b) again does not exhibit a significant peak.

4.2. EXPERIMENTAL

Figure 9 shows actual TEM images of nanoparticles suspended in a polymer film. Figures 9(a) and 9(b) show
images of a film with particles thought to be located co-planar at tilt angles of 0 and 20 degrees, respectively.
Figures 9(c) and 9(d) show images of a film with particles thought not to be located co-planar at tilt angles of
0 and 20 degrees, respectively.

The first step was to locate the nanoparticles using image segmentation techniques. This is a significant
challenge due to the low SNR of the images. After exploring a number of segmentation techniques, including
graph partitioning active contours® and variational segmentation based on anisotropic diffusion,* we settled
on watershed segmentation using gradients.? This included a Gaussian smoothing pre-processing step and a
post-processing step in which regions that were either too big or too small, or whose average intensity was too
high were labelled as background. Figure 10 shows the segmentation results for the images in figure 9.

Figure 11 shows the superimposed segmentations for the images of the films in which the particles are thought
to be co-planar. Similarly, figure 12 shows the superimposed segmentations for the images of the films in which
the particles are not thought to be co-planar.

Finally, figure 13 shows the correspondence for the case in which the particles are thought to be co-planar.
And, figure 14 shows the correspondence for the case in which the particles are not thought to be co-planar.
Correspondences for different tolerances are shown. Unlike in the simulated dataset case, neither of the corre-
spondences exhibits a significant peak at a particular candidate tilt axis angle. We discuss this below.
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5. DISCUSSION

This paper presents a technique that uses TEM images at different tilts and image processing methods to
estimate the out-of-plane distribution of nanoparticles suspended in a polymer film. The technique is shown to
be effective on a simulated dataset. Unfortunately, the results on a real dataset are inconclusive. There could
be many reasons for this. The primary reason is probably that the segmentation step clearly did not detect all
the nanoparticles in the TEM images. While our approach needs to be robust against some missed particles, it
it likely that not enough particles were reliably detected to support the proposed approach. Also, we have not
been able to independently verify that the characteristics of the two film samples. We are not sure that one
sample contains particles that are co-planar and the other sample contains particles that are not co-planar.

There are several aspects of the approach that we are looking to improve. Locating the nanoparticles using
segmentation techniques is a key but challenging part of the proposed approach. We are continuing to investigate
improved segmentation methods. A potential weakness of the approach as described above is using the alignment
of a single pair of particles to perform the correspondence. We are exploring techniques in which the alignment of
multiple pairs is used to perform the correspondence, possibly simultaneously through graph matching. Finally,
we will try acquire better quality images of known particle distributions, particularly with higher SNR.
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Figure 1. Simulated side views of nanoparticles suspended in a polymer film. (a) the particles are co-planar. (b) the
particles are not co-planar.
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Figure 2. Co-planar particles from figure 1(a) imaged at different tilts. The tilt axis is perpendicular to the page. (a)
0 degrees tilt. (b)-(d) 20 degrees tilt with tilt axis in different locations.
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Figure 3. Non co-planar particles from figure 1(b) imaged at different tilts. The tilt axis is perpendicular to the page.
(a) 0 degrees tilt. (b)-(d) 20 degrees tilt with tilt axis in different locations.
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The axis of tilt in all images is

(b) co-planar particles at 20 degrees tilt. (c) non co-planar particles

Figure 4. Images of simulated film samples with co-planar and non co-planar particles.

30 degrees. (a) co-planar particles at 0 degrees tilt.

(d) non co-planar particles at 20 degrees tilt.

at 0 degrees tilt.
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Figure 5. Images at different tilts superimposed on each other. (a) images of the films with co-planar particles tilted at
0 and 20 degrees. (b) images of the films with non co-planar particles tilted at 0 and 20 degrees. All tilts are along a tilt
axis at 30 degrees. Arrows indicate the particles used to align the superimposed images.
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Figure 6. Scaled images at different tilts superimposed on each other. (a) images of the films with co-planar particles
tilted at 0 and 20 degrees. (b) images of the films with non co-planar particles tilted at 0 and 20 degrees. All tilts are
along a tilt axis at 30 degrees. Arrows indicate the particles used to align the superimposed images.
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Figure 7. Correspondence as measured by the number of matches between scaled locations of particles over a range of
candidate tilt axis angles. In this case, the exact locations of the particles are known. (a) for co-planar particles. (b) for
non co-planar particles.
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Figure 8. Correspondence as measured by the number of matches between scaled locations of particles over a range of

candidate tilt axis angles. In this case, the locations of the particles are estimated using watershed segmentation. (a) for
co-planar particles. (b) for non co-planar particles.
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(b)

(c) (d)
Figure 9. TEM images of nanoparticles suspended in a polymer film. Images (a) and (b) are of particles that are

co-planar. Images (c) and (d) are of particles that are not co-planar. (a) 0 degrees tilt. (b) 20 degrees tilt at unknown
orientation. (c) 0 degrees tilt. (d) 20 degrees tilt at unknown orientation.
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Figure 10. Results of applying watershed segmentation to the images in figure 9

SPIE-IS&T/ Vol. 6498 649812-10



Figure 11. Superimposed segmentations of images of films with co-planar particles. The arrow indicates the particles
used to align the segmentations.

Figure 12. Superimposed segmentations of images of films with non co-planar particles. The arrow indicates the particles
used to align the segmentations.
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Figure 13. Correspondence as measured by the number of matches between scaled locations of particles over a range

of candidate tilt axis angles. This is for real TEM images of films in which the particles are thought to be co-planar.
Correspondences for different tolerances are shown.
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Figure 14. Correspondence as measured by the number of matches between scaled locations of particles over a range of
candidate tilt axis angles. This is for real TEM images of films in which the particles are not thought to be co-planar.
Correspondences for different tolerances are shown.
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