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Introduction
Most of the specimens for high-resolution electron microscopy
have amorphous surface layers due to contamination during observation and/or damaged surface layers during specimen preparation.
Moreover, many specimens are radiation sensitive, and a part of the
specimen easily becomes amorphous during the observation. These
amorphous materials make clear observation of crystal structure
difficult. A periodic structure may be extracted by simply using a
periodic mask in Fourier space. However, this kind of mask often
introduces a periodic feature in addition to the crystal structure.
To reduce such artifacts a Wiener filter or an average background
subtraction filter has been discussed [1, 2]. However, these filters
do not work for non-ideal crystals, such as cylindrical crystals
and nano-crystals, where a translational periodicity is limited to
the order of nano-meter. In this report we improve these filters by
introducing new ways to estimate a contribution from the amorphous materials.

ably from amorphous surface layers. (The Fourier transform of a
more periodic region (not shown here) also shows a similar ring
pattern.) The Fourier transform Fo of an observed image may
be written as a sum of a true signal Fc originating in the crystal
part and a non-periodic background Fb from a non-crystal part,
and thus Fo = Fc + Fb . The true signal Fc is confined to diffraction
spots and is usually strong, while the non-periodic background Fb
distributes more evenly.
The Wiener filter seeks a solution that minimizes the summed
square difference between the true signal Fc and its estimate Fˆw :
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where we approximate the estimate with a product of a mask Mw
and the Fourier transform of an observed image: Mw Fo . When we
assume that the signal and noise are uncorrelated, the appropriate
solution for Mw is given by
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where we use Fo 2 ≈ Fc 2 + Fb 2 . Thus, we have an applicable form of
the Wiener filter given by

FˆW = MW Fo ≈
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where Fˆb is an estimate of a non-periodic background. Here, Mw
and thus Fˆw is set to zero, if Fo − Fˆb ≤ 0
namely, the estimated background is
higher than the observed value. This
situation often happens at a background
region in Fourier space due to the random nature of the background. Thus,
this is one of the mechanisms that may
be used to reduce random noise.
Background estimation
In order to use the Wiener filter
given by Eq. (1) we have to estimate
the background contribution Fˆb in
Fourier space. Here, we assume that the
contribution from amorphous (nonperiodic) materials varies slowly [1, 2].
Then, the background may be estimated
as explained below:
Radial Background
The background is normally estimated as a rotational average of the
Figure 1 Original image of Si3N4 (a) and its Fourier transform (d). Image size is 512x512 pixels. (b)
Fourier transform of the whole image.
and (c): Results from Wiener filters based on radial and periodic mask backgrounds, respectively. (e) and (f): Here, an average is taken after excludDifferences between the original and filtered images shown in (b) and (c), respectively. Both Wiener filters ing strong intensities corresponding
works well for this kind of periodic image, and thus differences do not show any residual periodic structure.
to Bragg diffraction originating in the
Wiener filter
periodic structure [1,2].
Figure 1 shows a part of Si3N4 image (a) and its Fourier trans- Two-Dimensional Background
form (d). The image used here is made available by C. Kisielowski.
However, a radial background will not work, when the strucHere, the crystal structure degrades towards the top left part of ture information appears at the same distance from the origin
the image, and the Fourier transform shows concentric rings cor- in Fourier space. Thus, we developed a novel approach based
responding to a diffractogram of amorphous material. This ring on P-spline fitting [3] to estimate a smoothed two-dimensional
pattern comes from a non-periodic part in the image and prob- background in Fourier space.
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Periodic Mask Background
A periodic mask is usually binary, namely taking a value of
one at diffraction spots and zero elsewhere. We may be able to
modify the simple periodic mask to a Wiener type mask, where the
background Fˆb in Eq. (1) is estimated from an area surrounding
each diffraction spot.
Examples
We applied Wiener filters with various backgrounds mentioned
above to a regular crystal of Si3N4, and two non-ideal crystals of
crysotile, a natural mineral of cylindrical structure, and TiO2 nanoparticles in amorphous SiO2 as shown below.
Figure 2 Original image of crysotile (a) and its Fourier transform
Example 1: Si3N4
(b). An image size is 512x512 pixel. Here, 0.72 nm corresponds to an
Here, we apply a Wiener filter to a regular crystal of Si3N4 (Fig.
interlayer spacing, while 0.46 nm a repeat distance of structural blocks
1a). Since its Fourier transform yields a regular periodic diffraction
within each layer.
pattern (Fig. 1d), even a Wiener filter using a radial background
Local Two-Dimensional Background
gives a satisfactory result (Fig. 1b), while a Wiener filter, using a
When a periodic structure becomes small in size, its orienta- periodic mask background, gives a stronger filtering effect (Fig.
tion changes locally. Then, the background estimated for the whole 1c). The periodic structure emphasized at the top left part of the
image may not be adequate. Thus, a two-dimensional background image may reflect the original structure before degradation from
in Fourier space is locally estimated for each small image area by radiation damage. The differences between the original image
dividing a whole image into many small areas.
and the two Wiener filtered images (Fig. 1e and 1f) show random
structure only, which demonstrates that
an extraction of the structure information is satisfactory.
Example 2: Crysotile
Although the radial or periodic mask
Wiener filters work well for an ideal crystal image as shown for Si3N4, they will not
work for non-ideal crystals. Here, we will
show a distinct example, for which a local
2D background is essential for a Wiener
filter. Our sample image is taken from
crysotile, a clay mineral Mg3Si2O5(OH)4,
which is a natural multilayered nanotube.
An HREM image of this sample prepared
by ion milling is shown in Fig. 2a. Here,
the interlayer spacing is about 0.72 nm,
and a repeat distance of structural blocks
within each layer is about 0.46 nm.
Thus, its structural information appears
approximately on the circles in Fourier
space as shown in Fig. 2b. Crysotile is
extremely radiation sensitive, and easily
becomes amorphous during observation.
Thus, an image feature from the crystal
is typically low contrast, and it is rather
difficult to analyze a stacking structure
from an original image.
Figure 3 shows three Wiener filtered
images using (a) a radial background, (b)
a two-dimensional background and (c)
a set of two-dimensional backgrounds
locally estimated over 64x64 pixels. The
Figure 3 (a) to (c): Three Wiener filtered images of crysotile using a radial background, a twodifference between the original image
dimensional background and a set of local two-dimensional backgrounds, respectively. (d) to (f): Differences
and the filtered image with the radial
between the original image and three Wiener filtered images shown in (a) to (c), respectively. (g) to (i):
Fourier transforms of the corresponding differences in the middle row. A normal Wiener filter with a radial
background clearly demonstrates an
background fails to extract structural information, while a local 2D Wiener filter extracts all periodic
insufficient extraction of the structure
information. Thus, the difference image (3f) does not show any structural features.
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(Fig. 3d). This insufficient extraction of structure information is
also seen in the Fourier transform of the difference (Fig. 3g), which
shows considerable amount of the signal information appearing
on the concentric rings was left behind. This is because the radial
background at the strong ring positions becomes higher than the
normal background level.
The Wiener filtered image using a two-dimensional background gives substantial improvement for extracting the structure,
and its difference from the original image shows only a faint feature
(Fig. 3e). It is interesting to note that the Fourier transform of the
difference (Fig. 3h) shows dark rings contrary to the case of the
radial background (Fig. 3g). This means that most of the information, including noise, was passed (transferred) to the filtered image,
since the Wiener mask Mw is high at strong intensity over the rings.
Thus, the faint feature comes from the damaged layer/random noise,
whose spectrum passes through the mask.
The Wiener filtered image using the local two-dimensional
background (Fig. 3c) shows structural feature more clearly and is
smoother than Fig. 3b. It may be noted that the difference image
(Fig. 3f) and its Fourier transform (Fig. 3i) no evidence of structural
features. This indicates that the use of a local two-dimensional
background is essential for this kind of structure.
Example 3: TiO2 nanoparticles in SiO2
We will show another remarkable example, for which a local
2D background is essential for a Wiener filter. Here, we choose TiO2
nanoparticles as a non-ideal crystal embedded in amorphous SiO2
(Fig. 4a). A thin film of SiO2-TiO2 (5:1) was formed on a silicon
substrate by sol-gel processing. Then, TiO2 (anatase) nano-crystals
were grown in the SiO2 matrix by hot-water treatment (Courtesy of
A. Matsuda). Since nano-particles are oriented randomly as seen

in Fig. 4b, its Fourier transform shows strong spots appearing at
identical distances from the origin (Fig. 4c). A Wiener filtered image using a radial background shown in Fig. 4d demonstrates an
insufficient extraction of the structure. This is because the structural
information appears on the rings. Contrary to this, a Wiener filter
using two-dimensional backgrounds locally estimated over 64x64
pixels makes nano-crystals substantially visible (Fig. 4e). Here, we
can recognize even 0.17 nm lattice fringes that are almost invisible
in the original image.
Average background subtraction filter
An average background subtraction filter (we call here Difference filter) discussed by Kilass [2] is defined by

FˆD = M D Fo =

Fo − Fˆb
Fo

(

Fo = Fo − Fˆb

)e

iφo

,

(2)

where φo is the phase of the observed signal Fo , and Fˆb is the estimate of the background as before. FˆD is set to zero, if Fo − Fˆb ≤ 0 .
The Difference filter can be applicable to a non-ideal crystal, when
we use the new backgrounds developed here. Although Kilass wrote
that the Wiener filter and Difference filter give comparable results,
we found that the Wiener filter is usually better at extracting a
periodic structure.
Conclusions
We have extended the usability of the Wiener and Difference
filters even to the cases where a translational periodicity is limited
to the order of a nano-meter. We have demonstrated that these filters make structural features visibly discernible in the cases shown
here. Without the detection of a structure
by the operator, there
is no way to analyze a
structure quantitatively.
Although filtering has
been considered as a
cosmetic process, we
maintain that a careful filtering operation
is an appropriate first
step before beginning
a quantitative analysis. 
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Note to Readers
Figure 4 Wide sample view (a), of a selected area (512x512 pixels) to be processed (b), and its Fourier transform (c). Strong
spots appear at the same distances from the origin. (d) and (e): Two Wiener filtered images with radial and local two-dimensional
backgrounds, respectively. The radial Wiener filter does not emphasize the periodic structures, while the local 2D Wiener filter
makes nano-crystals substantially visible. (f) to (i): Fourier transforms of small areas indicated in Fig. 4e showing fine spatial
frequencies detected by using the local 2D Wiener filter.
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Optimal Filters reported here
are implemented as a plug-in,
HREM Filters Pro, for DigitalMicrograph (Gatan Inc).
HREM Filters Lite is a freeware, and can be downloaded
from the plug-ins page at:
www.hremresearch.com.

