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Abstract: The three-dimensional ~3D! distribution of carbon nanotubes ~CNTs! grown inside semiconductor
contact holes is studied by electron tomography. The use of a specialized tomography holder results in an
angular tilt range of 6908, which means that the so-called “missing wedge” is absent. The transmission electron
microscopy ~TEM! sample for this purpose consists of a micropillar that is prepared by a dedicated procedure
using the focused ion beam ~FIB! but keeping the CNTs intact. The 3D results are combined with energy
dispersive X-ray spectroscopy ~EDS! to study the relation between the CNTs and the catalyst particles used
during their growth. The reconstruction, based on the full range of tilt angles, is compared with a reconstruction where a missing wedge is present. This clearly illustates that the missing wedge will lead to an unreliable
interpretation and will limit quantitative studies.
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I NTR ODUCTION
Sizes in integrated circuits ~IC! have now reached the nanometer range and the use of copper as an interconnect
material has met its lower size limit ~Steinlesberger et al.,
2002; Li et al., 2003; Ingerly et al., 2008!. Carbon nanotubes
~CNTs! are considered as an ideal alternative because of
their unique properties, particularly their high thermal conductivity, low resistance, and ballistic transport, etc. ~Kreupl
et al., 2002; Li et al., 2003; Nihei et al., 2003; Srivastava et al.,
2005; Li et al., 2007!. Recently, the growth of CNTs has been
demonstrated in so-called “contact holes” using a variety of
catalyst particles to simulate on-chip contact-hole interconnects ~Nihei et al., 2003, 2005; Sato et al., 2006; Hantschel
et al., 2008; Zhang et al., 2008!. However, more effort is
required to characterize these structures on a local scale,
including the interface between the CNTs and the contact
hole or catalyst. Based on such information, the growth of
the CNTs including the function of the catalyst material can
be better understood and optimized.
A powerful method to investigate such samples is transmission electron microscopy ~TEM!. Sample preparation
for this purpose is unfortunately not straightforward and
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one should use a site-specific technique while preserving
the CNT structure. A previous TEM study succeeded in
showing the two-dimensional ~2D! nanostructure of a single CNT grown in a contact hole ~Ke et al., 2009!. However,
contact holes containing a higher density of CNTs are of
more importance as the resistance can be lowered by increasing the density to outperform and eventually replace Cu
interconnects ~Nihei et al., 2003; Srivastava et al., 2005; Li
et al., 2007!. This complicates the CNT analysis by conventional 2D TEM due to overlapping of three-dimensional
~3D! networks in 2D projections. Therefore, it is necessary
to investigate these structures using electron tomography.
Electron tomography basically consists of three steps:
acquisition of a tilt series of 2D projections, alignment of
the projections, and 3D reconstruction. Although the TEM
acquisition techniques may vary to obtain tilt series featuring structural information or chemical details ~Möbus &
Inkson, 2001; Midgley & Weyland, 2003; Möbus et al., 2003;
Bals et al., 2006, 2007; Gass et al., 2006; Kolb et al., 2007!,
the angular tilt range over which the 2D projections can be
acquired is mostly limited. This is due to the limited space
for the specimen holder between the objective lens pole
pieces. Even a dedicated tomography holder typically has a
tilting range of only 6808. As a consequence, so-called
“missing wedge” artifacts can be expected in the 3D reconstructions ~Midgley & Weyland, 2003!. These artifacts will
hamper qualitative and quantitative interpretation of the
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3D reconstructed volume. Solutions such as “discrete tomography” have been proposed to solve this problem ~Bals et al.,
2007; Bals et al., 2009; Batenburg et al., 2009; Turner et al.,
2009!. Here, we have used a 3608 on-axis rotation tomography holder that is able of acquiring a full tilt series without
missing wedge. This type of holder was recently used to
study a variety of samples such as a zirconia/polymer nanocomposite sample and a semiconductor device ~Kawase
et al., 2007; Yaguchi et al., 2008; Jarausch et al., 2009!. In all
these studies, dedicated samples were prepared by focused
ion beam ~FIB! milling. Indeed, for tilting at high angles,
the effective specimen thickness steeply increases and hence
dedicated sample preparation in the form of pillars is required. Moreover, in this study, sample preparation needs to
be site specific because the aim is to capture a complete
contact hole, but in addition the use of FIB milling should
be carried out using a dedicated procedure because the
CNTs should remain intact after the sample preparation.
After acquisition and reconstruction of the tilt series,
the 3D reconstructed volume is segmented and visualized.
The CNT network is revealed and therefore its distribution
in the contact hole is estimated in a quantitative manner.
The 3D results are combined with high-resolution transmission electron microscopy ~HRTEM! and analytical results
obtained using energy dispersive X-ray spectroscopy ~EDX!
to investigate the relation between the CNT network and
the catalyst particles.
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Figure 1. a: SEM image of the specimen’s surface shows arrays of
contact holes with CNTs growing out. The contact holes are
half-open because they are not fully covered by bundles of CNTs,
as indicated by arrow. b: The contrast of contact holes appears
when the edge of the lamella is approaching their sidewalls by FIB
milling. The magnified inset shows such an example. The white
contrast defines the contact holes embedded in the dark contrast
of SiO 2 matrix. c: The FIB-prepared micropillar sample containing
the entire contact hole.

M ETHODS

Materials
The sample consists of a 100 nm thermal SiO2 layer on a
silicon substrate. On top of the SiO 2 a 15/10 nm layer of
Ti/TiN was deposited for adhesion and to prevent W diffusion, respectively. The bottom contact layer consisted of
70 nm W with a 30 nm SiC used as an etch stop layer. On
top, an amorphous 300 nm SiO2 layer was deposited in
which the contact holes were etched. The diameter of the
contact holes ranged from 130 to 300 nm. A 1 nm nominal
thickness Fe film was sputtered onto the surface, coating the
contact holes as well. The Fe film was annealed into catalytic nanoparticles using an H 2 plasma ~Romo-Negreira
et al., 2008!. To remove the catalyst nanoparticles from the
top SiO2 surface, a sacrificial spin-on polymer was deposited that filled the contact holes to protect the confined
catalyst during removal by chemical mechanical polishing
~Esconjaureguil et al., 2008!. Multiwalled CNTs ~MWCNTs!
were grown inside the contact holes by chemical vapor
deposition using an Oxford Instruments NANO PECVD
reactor ~Romo-Negreira et al., 2008!. Bundles of MWCNTs
grow inside and out of the contact holes, as illustrated by
scanning electron microscopy ~SEM! image in Figure 1a.
Here, the 250 nm contact holes are investigated.

FIB Sample Preparation
A micropillar is prepared using site-specific FIB milling
~Kawase et al., 2007; Yaguchi et al., 2008; Jarausch et al.,
2009! to be mounted onto the Fischione model 2050 onaxis rotation tomography holder. FIB sample preparation is
performed using a FEI Nova 200 Nanolab DualBeam SEM/
FIB system. The system is equipped with an in situ gas
injection system loaded with a Pt deposition needle and an
OMNIPROBE TM extraction needle.
Prior to milling, a dual cap protective Pt layer is applied: an electron beam induced Pt deposition ~EBID! of
approximately 600 nm is followed by ion beam induced Pt
deposition ~IBID! of approximately 1.5 mm ~Thompson
et al., 2007; Ke et al., 2009!. The use of EBID Pt prior to
IBID Pt is essential to protect the CNTs because the IBID
damage has a typical depth of damage of 100–200 nm due
to the energetic Ga⫹ ions used during deposition ~Montoya, 2007!. It has been shown that EBID deposition can
dramatically reduce the amorphization damage depth by
using the low energy electron beam ~Montoya et al., 2007!.
On this specimen, the Pt layer is approximately 2.5 mm
wide ⫻ 10 mm long, covering a short array of contact holes.
Next, a lamella is prepared using the normal lift-out
procedure ~Giannuzzi & Stevie, 2005; Montoya et al., 2007;
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Ke et al., 2009! and is welded to a specimen post that can be
mounted on the 3608 on-axis rotation tomography holder.
In the following step, the specimen is gradually thinned
using a 30 kV ion beam and a current of 0.1 nA. Since the
specimen contains contact holes approximately in the middle of the lamella, a different contrast is obtained in the
SEM image, when the edges of the lamella approach the
contact holes during milling. With an 18 kV SEM beam,
this contrast appears approximately 200 nm away from the
contact hole. Once such contrast is observed as shown in
Figure 1b, the stage is rotated over 1808 and the same
thinning procedure is repeated at the other side of the
specimen. By then the lamella has a thickness of about
650 nm. To select one contact hole from the array of contact
holes present in the lamella, the same thinning procedure is
repeated at the left and right side of the selected contact
hole. Due to the fact that the effective specimen thickness
steeply increases for high tilt angles, a pillar sample is
required to cover a tilt range of 6908. Therefore, in a next
step, a micropillar with uniform thickness is obtained using
a circle/ring patterning together with an ion beam of 30 kV
energy and 30 pA current. The inner diameter of the ring
pattern is set to decrease gradually from 800 nm to 600 nm.
As the 30 kV ion beam leaves a thick damaged amorphous
layer on the specimen side walls due to the high beam
energy, low kV thinning is necessary to reduce the amorphous damage while further thinning the specimen. A 10 kV
ion beam with a current of 16 pA is applied for the final
thinning and cleaning. In this manner, the inner diameter of
the ring pattern is reduced to 450 nm. Note that in the
present case this damage does not really cause a problem;
the oxide is anyhow amorphous and the amorphization at
the pillar edges in the Si is not considered. Thinning is
closely monitored by SEM from different perspectives to
verify that the complete contact hole remains included
inside the micropillar. The final as-prepared specimen is
shown in Figure 1c.

Electron Tomography and TEM Investigation
A high-angle annular dark-field scanning transmission electron microscopy ~HAADF-STEM! tilt series of the FIB
prepared micropillar is acquired on a JEOL3000F microscope using the Fischione model 2050 on-axis rotation
tomography holder. During the acquisition of the HAADFSTEM tilt series, the inner detector angle is set to be 60
mrad; a nominal 0.2 nm STEM probe is applied; acquisition
time of one image is about 40.9 s. The acquired images have
a pixel size of 1.5 nm. The tilt series has an angular range of
6908 with projections taken every 28, which is considered as
a compromise between a good-quality reconstruction and
the minimization of radiation artifacts during acquisition.
Alignment of the tilt series is done using the FEI Inspect3D
software. The same software is used to reconstruct the
aligned tilt series through the Simultaneous Iterative Reconstruction Technique ~SIRT! ~Gilbert, 1972!. The volume

Figure 2. HAADF-STEM image from the acquired tilt series showing the contact hole. The white intensity reveals that the contact
hole is filled with Pt as a result of the Pt protective layer deposition. CNTs cannot be observed in a straightforward manner from
a single 2D projection.

reconstructed by SIRT is segmented manually and visualized in the Amira software.
HRTEM and EDX in scanning mode ~STEM-EDX! are
carried out on the JEOL 3000F microscope, using lamellashaped samples prepared by FIB as explained in Ke et al.
~2009!.

R ESULTS
3D Distribution of the CNTs
A 2D HAADF-STEM image from the tilt series is presented
in Figure 2. From this image, the diameter of the micropillar specimen is determined to be 470 nm. The contact hole
can be clearly distinguished, and the diameter is measured
to be approximately 250 nm. It can be seen that Pt, which
was used as a protection layer during the FIB preparation
process, has partially filled the contact hole because the
contact hole is not completely covered by CNTs ~Fig. 1a!.
Since the intensity, present in a HAADF-STEM image, approximately scales with the square of the atomic number Z,
the Pt-filled contact hole shows a much brighter intensity
than the surrounding amorphous SiO2 . For the same reason, the large contrast difference between Pt and C helps to
distinguish the CNT networks from the Pt-filling inside the
contact holes ~see Fig. 2!, although the CNTs cannot be
directly revealed in a single 2D projection image because of
overlapping of the 3D volume.
Orthogonal slices through the 3D reconstructed volume based on the SIRT algorithm are presented in Figure 3.
As shown in Figure 3a, a cross section from the reconstruction of the micropillar proves that the entire contact hole is
included inside the micropillar, which means that the contact hole is kept intact. Figure 3b–d present three orthogonal slices through the reconstruction of the contact hole.

3D CNT Networks in Interconnects

Figure 3. Orthogonal slices of the reconstruction by SIRT. a: An
orthogonal slice through the pillar shape specimen showing that
the entire contact hole is kept intact. b–d: Three orthogonal slices
through the contact hole.

The presence of holes in the Pt material can be clearly
observed, indicating that the contact hole is not completely filled with Pt. More important is that CNTs are
clearly visible in these orthogonal slices, which means that
they were preserved during the TEM specimen preparation.
The cross sections of the micropillar and the contact hole
both appear circular in Figure 3a,d. It is therefore clear that
missing wedge artifacts have been avoided because they
usually appear as an elongation of the structure and would
lead to deviations from circular structures ~Midgley & Weyland, 2003; Bals et al., 2007!.
To obtain a 3D visualization, the 3D reconstruction is
manually segmented and the result is presented in Figure 4
and in a movie, which can be found as supplementary file.

Supplementary Movie
A supplementary movie is available online ~please visit
journal.cambridge.org/jid_MAM!.
The CNTs can be distinguished by their obvious difference
in morphology and the difference in the intensity of the
pixels as measured in orthoslices through the final 3D
reconstruction. The network of the CNTs inside the contact
&

Figure 4. Snapshots of the contact hole’s reconstruction in 3D
prospect, showing ~a! the network of all CNTs, ~b! the network of
isolated CNTs, and ~c! voids distribution inside the contact hole.
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hole is shown in Figure 4a. Note that in this particular
sample the CNTs are distributed randomly rather than in a
preferred vertical orientation. Furthermore, the majority of
the CNTs is attached to the inner wall of the contact hole. In
the lower part of the contact hole, individual CNTs or small
bundles of CNTs are scattered. However, most of the CNTs
are found to be bundled and tangled in the upper part, close
to the opening of the contact hole. A network of isolated
CNTs can be recognized from the reconstructed slices, as
shown in Figure 4b. Voids in the Pt material inside the
contact holes are illustrated in Figure 4c.
When studying the use of CNTs as innerconnects,
quantitative measurements concerning the CNTs network
are important. The filling density of the CNTs inside the
contact hole and the average CNT diameter are important
parameters, which can be computed in a straightforward
way from the 3D reconstruction. By dividing the volume of
the CNTs with that of the contact hole, the filling density is
found to be approximately 14%. Estimating the diameter of
the CNTs, however, is still not straightforward because the
majority of the CNTs appear bundled. Therefore, only the
diameters of the isolated CNTs ~Fig. 4b! are used to
determine an average diameter that was found to equal
8.2 nm 60.3 nm, in good agreement with similar synthesis
conditions ~Romo-Negreira et al., 2008!. It must be noted
that the error of 0.3 nm here is the standard deviation on
the mean and may not be confused with the standard
deviation on an individual measurement, which should
ultimately be set by the pixel size. The volume ratio of
isolated CNTs to bundled CNTs is computed to be approximately 22%.

Catalyst Material
To study the relation between the Fe catalyst material and
the growth of the CNTs, the presence of the catalyst material was investigated by STEM-EDX. Since the micropillar is
too thick to obtain HRTEM images and reliable EDX signals simultaneously, a thin lamella sample was prepared by
FIB through the middle of another contact hole from the
same specimen. STEM-EDX spot analysis reveals no Fe
signals when probing the middle of the contact hole, but
when probing the side walls of the contact hole, the EDX
spectra show significant intensities of Fe ~Fig. 5!. A high
magnification HAADF-STEM image of the contact hole
is shown in Figure 5a together with the corresponding
HRTEM image in Figure 5b. The majority of the contact
hole is decorated with particles. These particles are Pt
nanocrystals from the Pt protective layers. These Pt nanocrystals usually have extremely uniform size distribution
and have higher contrast due to their high Z number.
Nevertheless, along the side walls of the contact hole, particles with different contrast and slightly larger sizes are
present ~indicated by arrows in Fig. 5b!. The EDX spectra
taken in the corresponding areas indicated as 1 and 2 in
Figure 5a are shown in Figure 5c and Fe intensities are

Figure 5. A ~S!TEM study of the contact hole reveals the distribution of Fe catalyst particles. a: A part of the HAADF-STEM image
of the contact hole that is shown completely in TEM image b. As
indicated by arrows in panel b, particles are found to be scattered
along the side wall of the contact hole. The particles are seen in
panel a as well with light gray contrast. EDX point analysis is
carried out at positions indicated by circles in panel a. The spectra
are presented in panel c that both show Fe intensities.

clearly present. From the HAADF-STEM and HRTEM images, it is found that the majority of these particles are
attached to the upper part of the side walls of the contact
hole, whereas fewer particles are found in the lower areas of
the contact hole. This is also confirmed by EDX measurements, as the Fe intensity from the upper side walls was
found to be higher in comparison to lower areas.
It must be noted that the catalyst particles cannot be
observed in the 3D reconstruction because of the small
sizes. From HRTEM images, the diameters of the catalyst
particles are measured to be approximately 2 nm and in the
HAADF-STEM tilt series each pixel equals 1.5 nm, which
means the catalyst particles are represented by no more
than two pixels. Although the Pt nanocrystals also have even
smaller sizes as revealed by HRTEM, they cover a large area
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with high density in the contact hole and therefore can be
reconstructed as a continuous volume.

D ISCUSSION
Using electron tomography the distribution of CNTs in a
contact hole has been investigated. It was found that in the
present sample, the CNTs are preferably attached to the
walls of the contact holes with a higher density of CNT
present near the top of the contact hole. We believe that the
origin of this sidewall growth can be attributed in part to
the catalyst deposition technique as the Fe sputtering was
nonselective to the bottom of the via and a considerable
portion of the side walls were exposed to deposition. To
avoid this negative sidewall CNT growth such techniques as
selective electrochemical catalyst deposition ~Romo-Negreira
et al., 2009!, laser ablation and size selective oriented deposition ~Sato et al., 2006! have been demonstrated. Nevertheless, to understand the CNT growth behavior in this
particular via and the correlation with the presence of
the catalyst particles used during growth of the CNTs,
the distribution of the catalyst particles was investigated
by STEM-EDX in combination with HAADF-STEM and
HRTEM. It was found that the Fe particles are indeed
present at the side walls of the contact holes with a higher
density near the top of the contact hole as well. This
explains the fact that many of the CNTs have their one ends
attached to the side walls of the contact hole. Moreover, the
particles’ higher density at the upper part of the contact
hole may lead to the bundling of multiple CNTs near the
top of the contact hole. Similarly, only few CNTs are found
near the bottom of the contact hole primarily due to the
fact that only few catalyst particles are present in that area.
Additionally, the difference in the underlying material supporting the metal catalyst ~SiO2 , sidewall; W, contact layer
in the bottom of the contact hole! should also be considered. In previous work we have observed a lower CNT
density when grown directly on W compared to the more
conventionally used silicon oxide support. Furthermore, it
is unlikely that the CNTs grown from the top portion of the
contact hole will inhibit the gas precursor transport to the
bottom of the contact hole as estimated from the CNT
filling density of 14%. Notwithstanding, in this particular
sample, CNT growth from the contact hole highlighted the
importance of having a tight control over both the location
and density of the metal catalyst when integrating CNTs in
patterned Si structures.

Avoiding the Missing Wedge
Using a dedicated tomography holder and a micropillar
TEM sample, 3D results have been obtained without the
missing wedge. In Figure 6, the effect of the missing wedge
is investigated by comparing the reconstruction based on
the full 1808 tilt range to one using a 1408 tilt range

Figure 6. Slices taken at two different positions through the 3D reconstruction based on ~a,c! a tilt series with full rotation 6908 and
~b,d! a series with reduced angles 6708. b,d: Fanning effects due to
the missing wedge are indicated by black arrows. a: A CNT is clearly
observed ~white arrow! but is smeared out by artifacts in the slice
shown in panel b that was taken at the same position. d: A fanning
effect indicated by a white arrow might be misinterpreted as a CNT.

~⫺708/⫹708!; this was done using the same dataset but
neglecting the images taken at higher angles. In the latter
case, a clear elongation and fanning artifacts typical for a
missing wedge are present. For a quantitative interpretation,
it is very important that the segmentation step in the
tomography process is carried out in a reliable manner. This
segmentation step is required to determine the correspondence between different grayscales in the reconstruction
and different compositions in the original structure. This
segmentation step is often time consuming and, even more
important, subjective. As shown in Figure 6b, fanning artifacts smear out a CNT that is clearly present in Figure 6a; in
Figure 6d, a fanning artifact may be interpreted as the
presence of a CNT that is in fact a hole in Figure 6c.
Obviously, such artifacts will lead to a wrong quantification
of the reconstruction, and it is therefore extremely important to overcome the missing wedge problem. Since the
missing wedge is eliminated in a 6908 experiment, the use
of a 3608 rotation tomography holder is often regarded as
the ultimate manner to obtain quantitative results in 3D.
However, other minor reconstruction artifacts such as the
effect of a limited sampling and slight misalignments might
still be present ~Midgley & Weyland, 2003!. In Figure 6, it
has been illustrated that even when missing wedge artifacts
are avoided, it is still difficult to define the boundaries of
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the CNTs. This makes it very clear that segmentation is not
always straightforward. Discrete tomography is a very promising technique toward automatic segmentation as proposed
in recent studies ~Bals et al., 2007, 2009; Batenburg et al.,
2009!, because the segmentation step is performed in situ
during the reconstruction. At present, manual segmentation
is still unavoidable. Although it may not lead to absolute
certainty in quantification, it has been successfully shown
that avoiding missing wedge artifacts is an important step
toward quantitative information in 3D.

C ONCLUSIONS
The main goal of this research was to develop and optimize
a 3D electron tomography approach for supporting the
CNT process development. The specimen is prepared by a
dedicated FIB procedure, leaving the contact hole as well as
the CNTs intact. Three-dimensional reconstructions based
on a conventional SIRT algorithm show that the CNTs
originate from the side walls of the contact hole with a
higher CNT density near the top of the contact hole. This
can be understood because HRTEM and STEM-EDX showed
that the catalyst particles are present at the side walls of the
contact holes as well. Note that this side wall growth is
induced by the use of sputtered Fe as catalyst material and
should be avoided for real applications. Finally, it has been
discussed that missing-wedge-free electron tomography is
very powerful; the use of on-axis rotation holder implements the acquisition of the tilt series covering 3608 and
therefore results in a missing wedge free reconstruction. The
minimization of the fanning and elongation effects greatly
reduces the misinterpretation of the CNTs, which leads to a
relatively reliable quantitative result of the 3D reconstruction.
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