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ABSTRACT: Transmission electron microtomography (TEMT) has proven to be useful for investigating
three-dimensional (3D) nanostructures in polymeric systems. However, the conventional TEMT that uses
a tilt series around an axis occasionally fails to reconstruct nanostructures, especially when the
nanostructure is highly anisotropic. Namely, if a certain geometrical relationship between orientation of
the nanostructure and the tilt axis is fulfilled, the nanostructure does not appear in the 3D reconstruction.
This problem can be solved by tilting the specimen around two (orthogonal) tilt axes and combining the
resulting two 3D reconstructions after precise alignment between them. The strategy, called “dual-axis
tomography”, is used to observe one of the commonly observed anisotropic polymer nanostructures,
cylindrical morphology, of poly(styrene-block-isoprene) block copolymer. It was experimentally observed
that the cylindrical nanodomains that were “missing” in one of the two tomograms were complementary
reconstructed in the other tomogram obtained from the tilt series using the orthogonal tilt axis to the
first data set. Subsequently, the two 3D reconstructions were combined to generate a new 3D
reconstruction, in which the cylinders at any orientation were successfully imaged with improved image
quality. Although the single-axis tomography gave always lower volume fraction of the cylindrical
microdomains than the predicted one calculated on the basis of known molecular composition, an excellent
agreement was obtained between the two in the dual-axis tomography. In addition, 3D images taken by
the TEMT were shown to be quite effective to determine the nanostructure, i.e., cylindrical structure,
which otherwise could be assigned to be lamellar nanostructure by other (surface) observation technique
such as AFM or SEM.

I. Introduction

With the rapid advances in nanotechnology, struc-
tural scales of many functional and engineering materi-
als, e.g., microelectronic devices,1 semiconductors,2 high-
strength superalloys, and various composite materials,
have become ever smaller. A block copolymer, one of the
macromolecular systems, is of current interest in nano-
technology.3 It consists of dissimilar (A and B) sequences
and exhibits highly periodic and often very complex
nanostructures.4 With the basic knowledge of a rela-
tionship between the molecular architecture and result-
ing three-dimensional (3D) structure, morphological
design of nanostructures may become more practical,
giving greater flexibility in various applications of the
block copolymers in nanometer scale, e.g., a nanocrystal
flash memory device,5 a nanoscale porous material that
can be used for catalyst and membrane,6 low dielectric
constant material,7 etc.

To elucidate such an architecture-morphology rela-
tion, there is a growing need for a technique to examine
the morphology of a few hundred nanometers in dimen-
sion with 1 nm spatial resolution in all three dimensions
to gain a full picture of the structure. Thus, transmis-
sion electron microtomography (TEMT)8 is an ideal tool
to characterize the block copolymer nanostructures, and
as such, it has proven useful for providing high-
resolution 3D information about a variety of polymeric
structures, e.g., block copolymer nanoscale microphase-

separated structures,9-15 polymer/clay nanocomposite
materials,16 carbon black/natural rubber composite,17

etc. Some of these studies provided not only 3D pictures
but also quantitative structural analysis, through which
the packing frustration of polymer chains in the block
copolymer nanostructures was discussed.11

In the TEMT experiments, a series of tilted transmit-
ted images (projections) are taken by transmission
electron microscopy (TEM) and is used to reconstruct
tomograms on the basis of computerized tomography
(CT). The tomograms are then stacked to generate a 3D
reconstructed image (“3D reconstruction”). There is an
intrinsic limitation of angular range for a tilting experi-
ment available with TEM,18 which results in a “missing
wedge” of information in Fourier space (see section II
for details). Because of the missing wedge, resolution
along the direction parallel to the optical axis of the
microscope (the dimension perpendicular to the plane
of the specimen), i.e., z-direction, is reduced compared
to that in the specimen plane.19 In addition to this
primary effect, a less appreciated but probably critical
effect of the missing wedge is that the resolution for
elongated features in the plane of the specimen depends
strongly on their angle relative to the tilt axis. Although
the cylindrical and lamellar morphologies of the block
copolymers could be influenced by the latter effect in
the TEMT observations, none of the previous studies
dealing with such anisotropic nanostructures9 consid-
ered the effect.

In the present paper, we apply the dual-axis tomo-
graphy to a cylindrical nanostructure of a diblock
copolymer in order to examine the effectiveness of the
method in the 3D observation of such highly anisotropic

† Kyoto Institute of Technology.
‡ Tokyo Institute of Technology.
* To whom correspondence should be addressed: e-mail

hjinnai@kit.ac.jp.

10226 Macromolecules 2005, 38, 10226-10233

10.1021/ma051705u CCC: $30.25 © 2005 American Chemical Society
Published on Web 10/21/2005



polymeric nanostructure. Improvement of image quality
over the conventional single-axis tomography will be
discussed.

II. Theoretical Background
Figure 1 shows a simulation of the single-axis TEMT

for cylindrical morphologies. As shown in Figure 1a-c,
three different geometries in terms of the tilt axis and
orientation of the cylinders were simulated. In these
three figures, the hexagonally packed cylinders orient
toward three different directions while the tilt axis is
fixed to the x-direction. In the same manner as TEMT

experiments, the cylinders were tilted around the tilt
axis typically from -60° to 60° with an increment of 1°,
from which the filtered back-projection method20,21 was
used to obtain tomograms. Figure 1d-l displays cross-
sectional images of the 3D reconstruction. In the y-z
plane, the cross sections corresponding to models (a) and
(c) were properly reproduced, while those of models (b)
and (e) were poorly reconstructed; The horizontal stripes
should be observed. Figure 1g-i and Figure 1j-l show
respectively x-z and x-y planes. Although the cross
sections relevant to models (a) and (c) were reasonably
obtained, again, the cross sections corresponding to
model (b) (see Figure 1h,k) were not correctly recon-
structed. In fact, judging only from the cross-sectional
images obtained from model (b), i.e., Figure 1e,h,k, one
could misidentify the 3D structure with the lamellar
morphology whose lamellar normal aligned with the
x-axis. Thus, if the orientation of the cylindrical nano-
domains geometrically satisfies the relation with the tilt
axis as shown in Figure 1b, it is quite likely that the
cylinders do not appear in the 3D reconstruction.

This problem can be understood by considering a
relationship between a projection in real space and
Fourier space. The “central slice theorem” upon which
the CT relies states that the Fourier transformation of
a projection at a given angle is a central section at the
same angle through the Fourier transform of that
object.20,22 Thus, if a series of projections are acquired
at different tilt angles, each projection will equate to
part of an object’s Fourier transform. Therefore, in
principle, tomographic reconstruction is possible from
an inverse Fourier transform of the superposition of a
set of Fourier transformed projections. If some projec-
tions are missing from an angular range as in the
TEMT, which is brought about by a limit on the
maximum tilt angle, then the Fourier space is under-
sampled in those directions. The unsampled volume in
the Fourier space becomes wedge shaped and thus is
called the “missing wedge”. As a consequence of this
unsampled volume, the back transform, the tomogram
of the object, will be degraded. Figure 1m-o demon-
strates the missing wedge in Fourier space (translucent
gray volume) and “diffraction pattern” of the cylindrical
nanodomains relevant to the geometries shown in
Figure 1a-c, respectively. Although the tilt axis lies
along the x-direction in all models, the orientations of
the cylinders are different, and hence the diffraction
spots of the cylindrical nanodomains appear differently.
In the case of Figure 1m,o, part of and all of the
diffraction spots are outside the missing wedge, and
thus it is feasible to obtain the reasonable 3D recon-
structions. In fact, the image quality of 3D reconstruc-
tion of model (c) appears to be the best among the three
geometries (see Figure 1l for example) because all
diffraction spots can be sampled irrespective of the
existence of the missing wedge. On the other hand, all
the diffraction spots are inside the missing wedge in
Figure 1h, resulting in the insufficient 3D reconstruc-
tion as described above.

Let us now consider how to solve the problem associ-
ated with the missing wedge. As shown in Figure 1,
whether a diffraction pattern of a structure in Fourier
space (and hence orientation of the structure in real
space) is inside the missing wedge or not is the crucial
issue. Therefore, one of the most effective ways to
improve image quality of the resulting 3D reconstruc-
tion is to minimize the volume of the missing wedge to

Figure 1. Demonstration of the effect of geometrical relation-
ship between direction of tilt axis and orientation of cylindrical
nanodomains on 3D reconstruction. There are three types of
geometrical relationship. Each column shows a model, three
cross sections of 3D reconstruction, and a “missing wedge” in
Fourier space (shown by gray volume), from top to the bottom.
The cylindrical nanodomains rotate around the tilt axis from
-60° to 60° with 1° increment. Tilt axis is always along the
x-direction. Electron beam comes from top (from the z-
direction). An x-z cross section is a tomogram where the
filtered back projection (FBP) is carried out. In the bottom-
most raw, diffraction patterns from the infinitely long cylinders
are shown together with the missing wedge. Since the missing
wedge is the volume in Fourier space where no projections can
be sampled, diffraction spots within this wedge cannot con-
tribute to the resulting 3D reconstruction.
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a maximum extent. Although one normally achieves this
goal by tilting the specimen to the highest tilt angle
possible, this strategy would not help much, especially
in the case of the 3D observation of cylindrical morphol-
ogy as demonstrated in Figure 1b. Another strategy is
to have another tilt axis in addition to the first one.
Figure 2 demonstrates such “dual-axis tomography”: In
Figure 2a the unsampled volume of the dual-axis
tomography is shown. Note that the additional tilt axis
is along the y-direction, while the first one is along the
x-direction. Compared with the missing wedge shown
in Figure 2b (that is the reproduction of Figure 1n), the
unsampled volume in the dual-axis tomography, called
the “missing pyramid”, becomes considerably smaller
than the missing wedge. A part of the diffraction spots
of the cylindrical nanodomains is now outside the
missing pyramid, indicating that the cylinders would
be reconstructed. Penczek et al.23 pioneered the dual-
axis tomography for thick biological sections, followed
by Mastronarde.24

III. Experimental Section
A. Materials. A poly(styrene-block-isoprene) (SI) block

copolymer was purchased from Polymer Source Inc., Canada.
The number-averaged molecular weight and polydispersity
index are Mn ) 5.1 × 104 and Mw/Mn ) 1.06. The isoprene
volume fraction, fI, was calculated to be 0.22 according to the
mass densities reported for polystyrene (S) and polyisoprene
(I) (0.913 g/cm3 for I and 1.04 g/cm3 for S).

B. Specimens. A mica substrate was cleaved and then
coated with carbon by vacuum deposition in advance. A
specimen film was prepared by spin-coating from 5 wt %
toluene solution of the SI copolymer onto the mica substrate.
The copolymer film on the substrate was further annealed at
140 °C for a week under vacuum. The annealed thin film was
floated off the mica substrate and was picked up onto Cu mesh
grid. The film was stained with OsO4 vapor for 5 min. Prior
to the TEMT and transmission electron microscopy (TEM)
experiments, gold particles of 10 nm diameter were deposited
from aqueous suspension. Note here that the gold particles
were placed on both sides of the section.

C. Dual-Axis Transmission Electron Microtomogra-
phy. The TEM and TEMT experiments were carried out on a
JEM-2200FS (JEOL Ltd., Japan) operated at 200 kV. The
digital data of the transmitted images were collected with a
slow-scan CCD camera (Gatan USC1000, Gatan Inc.). Two sets
of tilt series were taken at the same area of the specimen. A
projection at each tilt angle was acquired with frame size of
1024 by 1024 pixels. To obtain achromatic projections, only
the transmitted and elastically scattered electrons (electron
energy loss: 0 ( 30 eV) were selected by an energy filter
installed in a JEM-2200FS (Ω filter, JEOL Ltd., Japan). The

first tilt series was taken over the tilt angle from -60° to +66°
with 1° increment. After the first series were completed, the
Cu mesh grid was rotated manually by ca. 90°, and the second
tilt series was acquired again over the tilt angles ranging from
-70° to +65° with 1° increment. The pixel size was 1.9 nm.

Prior to computing a 3D reconstruction, an alignment of the
tilt series was first necessary because there is an uncontrolled
and magnification-dependent rotation of the projection by the
electron optics within the microscope. This alignment also
determines the tilt axis within the TEM micrographs and
corrects any miscalibration in the goniometer stage. Each tilt
series was aligned separately using 10 nm gold particles placed
on the section. An area common to each projection in the tilt
series was utilized to perform the alignment by tracing the
motions of several fiducial points in the area.18 Note that the
mean alignment error,25 averaged over all of the fiducial
markers used in the alignment, was less than the pixel
resolution regardless of the tilt angles. The tilt series after
the alignment were subsequently reconstructed by the filtered
back-projection (FBP) algorithm.26 Hereafter, we call the 3D
reconstruction obtained from the first and second tilt series
“reconstruction 1” and “reconstruction 2”, respectively.

D. Combining 3D Reconstructions from the Two Tilt
Series. As described in the previous section, the alignment
by the fiducial marker method and the following reconstruction
results in two sets of 3D reconstructions, i.e., reconstruction
1 and 2, and a pair of 3D coordinates (one from each tilt series)
for the fiducial markers on the specimen. Dual-axis TEMT
follows two more steps: (i) making two reconstructions at the
same position and orientation and (ii) synthesis of the recon-
structions in Fourier space. The coordinates in reconstruction
2, x2, can be related to those in reconstruction 1, x1, by the
following equation:

where A is a transformation matrix

and b is a translation vector:

b adjusts the position of reconstruction 2, and A adjusts the
orientation (3 degrees of freedom). The transformation matrix
A also includes the operation for scaling and skewing. Scaling
operation (3 degrees of freedom) corrects the magnification
change of the TEMT image due to the focus change of TEM.
Skewing operation (3 degrees of freedom) corrects the slight
astigmatism in the TEMT image. It appears that both scaling
and skewing operations are preferable to achieve high preci-
sion in adjusting reconstruction 2 onto reconstruction 1. The
precision of adjustment directly affects the resolution of the
resulting dual-axis TEMT image. An error of 1 pixel in the
adjustment easily leads to loss of 1 pixel in resolution in the
combined TEMT 3D reconstruction.

Let the coordinate of the nth gold marker in reconstruction
1 to be pn,1 and that of the relevant marker in reconstruction
2 to be pn,2. The pn,2 is transferred by eq 1 into p′n,2, which
should be equal to pn,1. Hence

The parameters in A and b can be determined by the least-
squares fitting to achieve the condition described in eq 4. Note
that the markers should be located on both sides or inside the
specimen in order to determine 12 parameters in A and b.

If the markers are only on one side of specimen, z-
coordinates of the markers are not available in the fitting

Figure 2. Comparison of missing volume in Fourier space
between (a) dual-axis tomography and (b) single-axis tomo-
graphy. Directions of tilt axes in the dual-axis tomography are
along qx and qy axes. In single-axis tomography, tilt axis is
along qx axis. Hexagonally packed infinitely long cylindrical
morphology aligned along y-axis as shown in Figure 1b gives
diffraction pattern only in the qx-qz plane. Some of the
diffraction spots are outside the “missing pyramid”, and hence
the cylinders can be reconstructed in dual-axis tomography
(a), while all diffraction spots are inside the “missing wedge”
in single-axis tomography (b).

x1 ) Ax2 + b (1)

A ) (a11 a12 a13
a21 a22 a23
a31 a32 a33

) (2)

b ) (b1
b2
b3

) (3)

|pn,1 - p′n,2| ) 0 (4)
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procedure, so that a31, a32, and a33 of A, which are the
coefficients for the z-coordinates of markers in eq 1, cannot be
determined. Alternatively, a31, a32, and a33 may be estimated
by the following equation:

Equation 5 assumes no distortion and no scaling on the
z-direction. Incorporating eq 5 into the fitting condition
described by eq 4, the remaining nine parameters can be
determined from the coordinates of the markers only on one
side of the specimen.

Now that the coordinate of reconstruction 2 is transformed
according to eq 1, the two 3D reconstructions can be synthe-
sized in Fourier space24 (not in real space23). The Fourier
transform of the tomogram is

where q1, Fj, and fj are respectively coordinates in the Fourier
space, Fourier spectrum, and the real-space image of the 3D
reconstruction j (j ) 1, 2). The combination of the two 3D
reconstructions in Fourier space is carried out in the following
way. If q1 is neither inside the missing wedge of F1 nor inside
the missing wedge of F2, the synthesized Fourier spectrum,
F(q1), is an average of them, i.e., F(q1) ) (F1(q1) + F2(q1))/2.
In case q1 is inside the missing pyramid as shown in Figure
2b, no data are available and hence F(q1) ) 0. If q1 locates
inside the missing wedge of reconstruction 1 but not inside
the missing wedge of reconstruction 2, F(q1) ) F2(q1) and vice
versa. Although the position of the missing wedge of recon-
struction 2 in q1 coordinate is not obvious due to the rotation
and/or distortion during the coordinate transformation, it is
relatively easy to find the coordinate of the missing wedge in
q2 space. By using a simple relationship q2 ≡ q1

tA (see
Appendix for details), q2 can be easily translated to q1, and
hence one can find the position of the missing wedge of
reconstruction 2 in q1 space.

IV. Results and Discussion
Figure 3 displays a TEM micrograph of the SI block

copolymer. Since the thickness of the section was rather

thick (ca. 160 nm), the nanostructure overlapped along
the z-direction, and hence the detailed features of the
nanostructure were not clearly identified. According to
the volume fraction of the isoprene in the SI block
copolymer, the nanostructure should be cylinders. Small
dots in the figure were gold nanoparticles used for
aligning the tilt series and also for combining the two
3D reconstructions having orthogonal tilt axes. In the
middle of the picture, there were large aggregates of the
gold particles, which were used to find the same field
of view after rotating the section by ca. 90°.

The 3D reconstructions of the two tilt series are
shown in Figure 4. Parts a and b of Figure 4 display
respectively orthogonal views of reconstruction 1 and
reconstruction 2 whose tilt axes were along y- and
x-directions. The solid and dashed lines in each cross-
sectional slice represent positions of the other two
orthogonal slices. The thickness of the three cross
sections in Figure 4a,b was equal to the edge length of
a voxel, i.e., 1.9 nm. Thus, in contrast to the conven-
tional TEM micrograph shown in Figure 3, the images
were outstandingly clear due to essentially no overlap
of the nanostructure. The cross-sectional slice will be
called the “digital slice” throughout this paper. More-
over, one of the biggest advantages of TEMT is that it
obtains truly 3D information on intact block copolymer
morphology by digital sectioning, instead of physically
cutting the materials into slices.

The two 3D reconstructions show exactly the same
volume of the section except for the direction of the tilt
axis. It is now obvious that the SI block copolymer
exhibited PI cylindrical morphology. The cylinders lied
parallel to the film surface. Since the alignment of the
tilt series was precisely done, the cross sections in the

Figure 3. TEM micrograph of SI block copolymer. Dark
phases show OsO4-stained PI nanodomains. Small black dots
are gold nanoparticles. The gold nanoparticles surrounded by
white rectangles were used for aligning the tilt series and for
combining two 3D reconstructions shown in Figure 4 with
orthogonal axes. 16 particles (numbered) were used for these
purpose. The number of gold nanoparticles here is the same
as that in Figure 5. Bar shows 500 nm.

(a31 a32 a33 ) )
(a11 a12 a13 )
|a11 a12 a13 | × (a21 a22 a23 )

|a21 a22 a23 | (5)

Fj(q1) ) ∫fj(x1)e
-iq1‚x1 dx1 (6)

Figure 4. Orthogonal cross-sectional views of (a) reconstruc-
tion 1 and (b) reconstruction 2. Tilt axes lie along (a) y- and
(b) x-direction, respectively. In (a) and (b), as indicated by the
circles, some cylindrical nanodomains were not reproduced in
(a) but nicely reconstructed in (b) and vice versa. Solid and
dashed lines in cross sections represent positions where each
slice was cut in 3D reconstructed data. (c) and (d) show surface-
rendered 3D images, where PS region has been made trans-
parent. Tilt axes are indicated by solid rods. Scale bar in (a)
and (b) shows 200 nm. Box size of the 3D image is 250 nm ×
250 nm × 115 nm.
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x-z plane in Figure 4a and the y-z plane in Figure 4b
were clearly observed, from which the thickness of the
film was measured to be ca. 160 nm. It was found that
there were six layers of cylindrical nanodomains in the
film as observed from the x-z plane in Figure 4a and
the y-z plane in Figure 4b.

It is quite intriguing that some parts of the 3D
reconstruction either in Figure 4a or in Figure 4b were
not properly reconstructed: For example, the horizon-
tally oriented cylinders shown by a circle in the x-y
plane of Figure 4a were only vaguely visible, while they
were clearly visible in the x-y plane of Figure 4b
(corresponding part was also indicated by a circle). As
described earlier in section II, the cylinders in this area
fulfilled the geometrical relation with the tilt axis as
shown in Figure 1b, and hence they would not properly
reconstructed. On the other hand, since the same
cylinders were parallel to the tilt axis (x-axis) in
reconstruction 2, corresponding to the situation shown
in Figure 1a, they were successfully reconstructed
(Figure 4b). These results demonstrate that the change
in relative angle of the cylinders with respect to the tilt
axis by the rotation of the section made it possible to
reconstruct the nanodomains that did not appear under
a certain experimental setup.

The interface between the PI and PS nanodomains
were found by binarizing the morphologies in the x-y
plane and was reconstructed according to the marching
cubes algorithm (MCA).27 Parts c and d of Figure 4 show
surface-rendered 3D images of the SI block copolymer
corresponding to reconstruction 1 and reconstruction 2,
respectively. The tilt axes are indicated as translucent
rods in the figures. Again, it is clearly observed that
some cylindrical nanodomains were missing. The vol-
ume fraction of the PI nanodomains evaluated from
parts c and d of Figure 4 were respectively 0.16 and 0.15,
in contradiction to the known composition of the copoly-
mer (fI ) 0.22).

Let us now discuss a combination of the 3D recon-
structions from two tilt series to generate a new 3D
reconstruction according to the protocol described earlier
in section III.D. Figure 5 demonstrates the accuracy in
the combination, in which positions of the 16 gold
nanoparticles used in the combination procedure are
shown. The gray stripes in the x-z and y-z planes
indicate the section of the SI block copolymer. The filled
circles represent the positions of the 16 gold particles
in reconstruction 1. Following the procedures described
in section III.D, the coordinate of reconstruction 2 was
translated according to eq 1. The open squares in Figure
5 show the positions of the gold particles of reconstruc-
tions 2 after the coordinate transformation. The posi-
tions of the gold particles agreed quite well between the
two reconstructions, demonstrating that the protocol in
section III.D went well. A mean positioning error
averaged over the 16 markers in the combination
process was ca. 0.66 pixel.

Since the coordinate transformation has been suc-
cessfully carried out, let us now combine the two 3D
reconstructions. Parts a and b of Figure 6 display the
digital slices of reconstruction 1 and reconstruction 2,
respectively. The tilt axes were directions along the y-
and x-axes, respectively. Some parts of the cylindrical
nanodomains were missing as described earlier (see
Figure 4 for details). The two 3D reconstructions were
combined into a new 3D reconstruction in real space
(Figure 6c) and in Fourier space (Figure 6d). Figure 6c,d

shows the digital slices of the combined 3D reconstruc-
tion at the same field of view and depth as those shown
in Figure 6a,b. In both digital slices, cylindrical nano-
domains at all orientation were successfully reproduced.
However, there observed a certain difference in the
image quality between the two: the image contrast of
digital slice shown in Figure 6d was more uniform than
that in Figure 6c.

The difference of image quality came from the com-
bination protocols. In Figure 6c, the digital slices having
orthogonal tilt axes at the same depth position in the
specimen were simply averaged to obtain the combined
slice. If the nanostructures appeared only in one of the
two 3D reconstructions, the averaging was carried out
between the cylindrical nanostructures in one of the two
3D reconstructions and the noise in the other 3D
reconstruction. Consequently, the signal-to-noise ratio
(S/N) became worse than the original cylindrical do-
mains. For example, the areas of the upper left corner
in Figure 6a,b (marked by circles) were averaged to
generate the same area in Figure 6c, the image quality
of which was worse than the original (Figure 6a). On
the other hand, if the nanostructures appeared in Figure
6a,b (such as the central part of the digital slices), they
were averaged, and hence the S/N at this part was
substantially increased, giving rise to superior image
quality to the original images. Thus, the nonuniform
image quality was observed. On the other hand, the
digital slice shown in Figure 6d was synthesized in
Fourier space as detailed in section III.D. The synthe-
sized Fourier transform was inversely Fourier trans-
formed in order to obtain tomographic reconstruction.
The digital slice displayed in Figure 6d showed a
distinct image over the whole field of view.

The histograms of the digital slices, H, obtained from
the single-axis tomography were broad and single-
peaked (see the histograms underneath Figure 6a,b).

Figure 5. Orthogonal cross-sectional views demonstrating
precision of the combination of the two 3D reconstruction. 16
gold nanoparticles placed both sides of the section used as
markers for combination are shown. Filled circles represent
positions of the gold particles in reconstruction 1, while open
squares show positions of the markers after coordinate trans-
formation as described in section III.D. Gray stripes indicates
the specimen, from which thickness of the section was esti-
mated.
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In contrast, the averaged digital slices in real space
exhibited double-peaked histograms. The histogram of
the combined digital image in Fourier space (Figure 6d)
also had two peaks but more clearly separated, and its
pixel intensities were more widely spread than those of
the digital slice averaged in real space, indicating better
image contrast.

Orthogonal views of the combined 3D reconstruction
(in Fourier space) are displayed in Figure 7a together
with a corresponding surface-rendered 3D image in
Figure 7b. The threshold used for binarization of the
digital slice, e.g., the one shown in Figure 6d, was
indicated by an arrow in the histogram in Figure 6d.
Since the positions of the orthogonal views in Figure
7a are exactly the same as those in Figure 4a,b, it is
now obvious how much the dual-axis tomography can
improve the single-axis 3D reconstructions: not only in
the plane of the specimen (x-y plane) but also in the
cross-sectional planes, i.e., x-z and y-z planes, cylindri-
cal nanodomains were visible regardless of their orien-
tations. The volume fraction of the PI domains were
evaluated from the surface-rendered image: fI was ca.
0.22, in excellent agreement with the known composi-
tion of the copolymer. This result indicates that only

the dual-axis tomography can provide quantitative 3D
data, if the nanostructure is highly anisotropic.

V. Summary

A three-dimensional (3D) nanostructure of a cylinder
forming poly(styrene-block-isoprene) (SI) block copoly-
mer was studied by transmission electron microtomo-
graphy (TEMT). In the TEMT experiments one rotates
specimens around an axis to obtain a series of tilted
projections, which are used to reconstruct 3D structure
on the basis of the computerized tomography. Although
very powerful, it was found that the TEMT failed to
reconstruct part of the cylindrical nanodomains whose
orientation had certain angular relationship with the
tilt axis (see Figure 4). This is due to an intrinsic and
critical problem of the TEMT, called the “missing
wedge” problem, that the angular range of the specimen
tilt is limited to (at maximum) (70°. In theory, this
limitation leads not only to anisotropic resolution in the
resulting 3D reconstruction, i.e., the resolution along
the specimen depth is worse than that along the
specimen plane, but also to failure in the reconstruction
of the nanostructures that fulfill certain angular rela-
tionship (see Figure 1). The latter becomes critical in
the 3D observation of highly anisotropic nanostructures,
such as cylindrical and lamellar nanodomains.

Since the failure in the reconstruction of SI cylindrical
nanodomains depended heavily on the orientation of the

Figure 6. Digital slices of single-axis and dual-axis tomo-
graphy in the same area of 3D reconstructed data: (a)
reconstruction 1 and (b) reconstruction 2. Directions of the tilt
axes of these 3D reconstruction are y- and x-directions,
respectively. (c) and (d) show the digital slices at the relevant
field of views obtained by combining the two 3D reconstruc-
tions in (c) real space and (d) Fourier space. Histogram of each
digital slice is shown underneath the corresponding image. Bar
shows 200 nm.

Figure 7. (a) Orthogonal cross-sectional views of 3D recon-
structions obtained from dual-axis tomography. Positions of
the cross sections are exactly the same as those in Figure 4.
Black phase is PI nanodomain. Cylindrical nanodomains are
completely reconstructed not only in the x-y plane but also
in other two orthogonal cross sections. Scale bar shows 200
nm. (b) Surface-rendered 3D images obtained from dual-axis
tomography, where the PS region has been made transparent.
Box size of the 3D image is 250 nm × 250 nm × 115 nm.
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nanostructure, a second tilt series in addition to the first
one at exactly the same field of view was obtained. The
second tilt axis was orthogonal to the first tilt axis. In
doing so, since the geometrical relationship of the
cylindrical nanodomains and the tilt axis have changed,
the cylinders that were not imaged in the first 3D
reconstruction appeared in the second reconstruction.
The TEMT with two (orthogonal) tilt axes is called
“dual-axis TEMT (or dual-axis tomography)”, in contrast
to the conventional single-axis TEMT (or single-axis
tomography). The two sets of 3D reconstruction were
found to be complementary. The two 3D reconstructions
were then combined in Fourier space to obtain a new
3D reconstruction. The synthesized 3D reconstruction
demonstrated that the cylindrical nanodomains, ir-
respective of their orientation, were successfully cap-
tured. Moreover, significant enhancement of image
quality was observed in the 3D reconstruction of the
dual-axis tomography compared to that of the single-
axis tomography. The volume fraction of the PI cylin-
ders, fI, evaluated from the dual-axis 3D reconstruction
was in excellent agreement with the known volume
fraction of the SI copolymer, while fI estimated from the
single-axis 3D reconstruction was considerably lower
than the expected value.
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Appendix. A Coordinate Transformation in
Fourier Space

In this section, a relationship between the Fourier
space of reconstruction 2 before and after the coordinate
transformation described by eq 1 is discussed. The
Fourier spectrum of reconstruction 2 before the coordi-
nate transformation, F′2(q2), is given as

where q2, x2, and f′2(x2) are respectively the coordinate
in Fourier space, the coordinate in real space, and the
real space image of reconstruction 2 before the coordi-
nate transformation. Similarly, the Fourier spectrum
after the coordinate transformation, F2(q1), is expressed
as

q1, x1, and f2(x1) are the same kinds as above after the
coordinate transformation.

Substituting eq 1 for eq A.2 gives

Here |A| is the Jacobian, which is introduced by replac-
ing the x1 into x2. Since the translation vector b affects
only on a phase shift in F2(q1), one can neglect b without
loss of generality. Then, eq A.3 becomes

Note here that, in eq A.4, the integration is carried out

over x2. This means that image intensity of reconstruc-
tion 2 at certain x2 is required in this calculation.
Instead of looking for the image intensity after the
coordinate transformation, i.e., f2(Ax2), one can directly
obtain the image intensity from f′2(x2) knowing the
relationship between the two coordinates through eq 1.
In addition, since an inner product of vectors is equiva-
lent to the matrix product of transposed vector, a‚b )
tab. Then, eq A.4 can be rewritten as

where superscript t designates the transpose operation.
Changing the order of calculation in (tq1)Ax2 to (tq1A)-
x2, and then reverting the transpose operation to the
inner product again, eq A.5 becomes

By comparing the exponent of eq A.6 with that of eq
A.1, one can find a simple relationship, q2 ) q1

tA.
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