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fi eld of nanotechnology at NEC. These include calixarene re-
sist technology that has made nanofabrication possible at 10nm 
or less and a new technology (LANS) that applies calixarene to 
expand the domain of top-down type technology and has made 
the fabrication of metallic nanoparticles possible at the 1nm 
level. The application of LANS for enabling the control of 
CNT properties and the elucidation of its growth mechanism 
and attempts to directly observe nano-scale phenomena by 
means of transmission electron microscope (TEM) are also 
discussed.

Bottom-up type technology applying technologies such as 
self-assembly has led to the successful creation of materials 
with new properties such as fullerene and the carbon nanotube 
(CNT). However, since the new materials resulting from this 
bottom-up technology are diffi cult to handle due to their very 
small sizes, it is often very hard to fi nd a practical method for 
applying them.

On the other hand, semiconductor processing technology is 
the representative top-down type of nanofabrication technolo-
gy. It has progressed every year and 65nm node products are 
mass-produced at present. In parallel, a process for the 45nm 
node, which corresponds to 1/4 of the 193nm wavelength of 
the ArF laser for use in optical lithography, is also being devel-
oped.  Additionally, nanofabrication of sizes below 10nm are 
also becoming possible by using electron beam lithography, 
although mass-production methods using this technology is 
still delayed.

The development of these technologies has brought the level 
of nanotechnology to a point close to a direct connection of the 
bottom-up type materials and the top-down type nanofabrica-
tion/nano-evaluation technologies (Fig. 1).

This paper introduces the efforts that are being made in the 
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Fig. 1　Positioning of bottom-up and top-down technologies.

1. Introduction
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In general, the resolution of resist is roughly dependent on 
the molecular weight of the resist material. This means that a 
fi ner pattern with less roughness can be fabricated by using a 
resist with a lower molecular weight. However, since the re-
duction of molecular weight theoretically drops the sensitivity 
and the glass transition temperature, materials with low mo-
lecular weight tend to have properties that are unsuitable for 
use with resists, for example, the impossibility of becoming a 
solid at normal temperatures or an increase in roughness due to 
the highly crystalline characteristics. As a result, there are few 
resist materials that have both favorable properties and low 
molecular weights.

Among these materials, we have been researching into calix-
arene because it has a stable cyclic structure in spite of its low 
molecular weight and also features very favorable properties 
for use as high-resolution resists1). We have actually attempted 
its application at the R&D level by fabricating a nano MOS-
FET with an 8nm gate length using calixarene resist and pre-
dicting the limit size at which the MOS-FET can function2).

Nevertheless, the poor solubility of traditional calixarene re-
sist has forced us to use an organic chloride solvent that is 

known to be harmful, this issue has been regarded as one of the 
factors hindering its industrial application. To deal with this 
problem, we conducted joint development together with the 
Tokuyama Corporation of a calixarene that can be dissolved in 
a safe solvent. We eventually determined that chloromethyl 
methoxycalix[4]arene (CMC4), which has the same structure 
as the traditional chloromethyl methoxycalix[6]arene (CMC6) 
except that the number of the units forming the ring is reduced 
by two, presents very favorable properties3).

Fig. 2 shows the result of a comparison of the minimum line 
widths of the fi ne resist lines fabricated by using CMC6 and 
CMC4. The line width of the CMC4 is clearly thinner than that 
of the CMC6. The minimum line width available with CMC4 
was about 7.3nm, which was more than 15% lower than for the 
previous material. The graph at the bottom of Fig. 2 shows the 
results of the analyses of the edge roughness of the patterns 
fabricated with CMC6 and CMC4 by decomposing them into 
the interval component. The roughness of intervals longer than 
10nm is reduced considerably with CMC4. In addition, the 
solubility is also improved with CMC4, confi rming that it is 
dissolvable to almost any safe solvent.

The reason that such an improvement was obtained by sim-
ply reducing the construction units has been clarifi ed by an 
X-ray diffraction analysis. While CMC6 resist fi lms presented 
a peak of molecule crystallization that of CMC4 resist did not 
present such a peak. It was found that, CMC4 is diffi cult to 
crystallize and thus can improve the solubility, resolution and 
roughness because CMC4 has a cycric structure and can main-
tain a random structure in spite of its low molecular weight.

At present, CMC4 resist is marketed by Tokuyama Corpora-
tion with the product name of TEBN-1. As the organic resist 

Fig. 2　Comparison of calixarene resists. Fig. 3　TEBN-1, calixarene resist product.

2. Development of Calixarene Resist
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with world’s highest resolution, it is used widely in the devel-
opment of most advanced devices or as the benchmark of elec-
tron beam lithography systems (Fig. 3).

The development of calixarene resist has advanced the elec-
tron beam lithography into the resolution below 10nm, but 
there are still some gaps remaining before direct handling of 
bottom-up type materials at the 1nm level such as the carbon 
nanotube (CNT). Therefore, we tackled the fabrication of me-
tallic nanoparticles by applying the calixarene resist technolo-
gy.

The bottom-up type technology for fabricating metallic 
nanoparticles has already made it possible to fabricate 1nm 
level nanoparticles of uniform size as a result of the develop-
ment of techniques such as the inverse micelle method. But it 
has been diffi cult to apply the fabricated nanoparticles in de-
vices because these techniques mainly need synthesis in solu-
tions.

We therefore developed LANS (Lithographically Anchored 
Nanoparticles Synthesis), which is a completely new synthesis 
technique using the solid resist pattern itself as the reaction 
container in the nanoparticles synthesis. We thus succeeded in 
fabricating nanoparticles with a one order of magnitude small-
er size than the resist resolution in a desired position4).

Fig. 4 shows the explanation of the LANS process in (a) to 
(d), the pattern of the iron nanoparticles fabricated with LANS 
in the atomic force microscopy (AFM) image, and the plot of 

the location errors of the nanoparticles.
The process of nanoparticle fabrication using LANS is as 

follows: First, an electron-beam resist fi lm in which organic 
metallic molecules are added is fabricated on the substrate (a). 
Next, a fi ne dot pattern is formed by electron beam exposure 
(b), and then metallic nanoparticles are deposited by heating in 
a vacuum (c). Finally, the carbon component is eliminated 
from the resist by means of oxygen plasma processing to ob-
tain a substrate on which only the nanoparticles are left in the 
positions where the resist pattern existed (d).

The features of LANS lie in the possibility of defi ning the 
nanoparticle size according to the amount of organic metal 
molecules mixed and the size of the resist pattern and that of 
strictly controlling the nanoparticle positions. The nm-level 
control of the nanoparticle positions has been impossible with 
traditional fi ne particle fabrication methods and made possible 
for the fi rst time by LANS.

Since the nanoparticles fabricated with LANS have a size 
that is diffi cult to observe with scanning electron microscopy, 
we evaluated them with AFM. The AFM image in Fig. 4 shows 
the pattern of the iron nanoparticles with an average height of 
about 4nm. We have confi rmed that, with iron, nanoparticles as 
small as 1.7nm can be fabricated. In this case, however, confi r-
mation of their presence is even diffi cult with AFM. With re-
gard to the special feature that is the position control property, 
the plot in Fig. 4 shows that all of the nanoparticles are located 
in positions within ±20nm of the target, and that the defi ciency 
rate was nearly 0%.

The development of LANS means that top-down type tech-
nology is now capable of reaching the 1nm level domain, also 
opening the way to an expansion of applications in the future. 
One attempt for its application is the CNT characteristic con-
trol that we will describe in the next section.

The carbon nanotube (CNT) presents the properties of either 
metal or semiconductor depending on the way the graphite 
sheet is rolled (chirality). In fact, since it was reported that it is 
applicable as the material of Field Effect Transistor channels, 
research has been actively conducted into CNT as a suitable 
device material. The nanofabrication of Si devices has now 
almost reached its limit and property degradations due to phys-
ical factors such as decreases in the mobility and increases in 
the leak current have become noticeable. The CNT properties 
such as its high mobility, high withstanding of current density 
and the high chemical stability of surfaces thus make CNT a 

Fig. 4　LANS process fl ow and characterization of the fabricated fi ne 
iron particle

3. Nanoparticle Patterning at 1nm Level

4. Carbon Nanotube Growth Control
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truly attractive material for spin-on transistors and post-Si 
semiconductors.

Nevertheless, most of the currently available CNT devices 
such as the multi-walled nanotube (MWNT) with from two to 
some tens of graphite sheet walls and the single-wall nanotube 
(SWNT) with a single graphite sheet wall are available as an 
assembly containing both metallic and semiconductor ele-
ments. As a result, the key to applying them in electronic de-
vices has become how to selectively obtain the semiconduc-
tive SWNT element from them.

To deal with this issue, we attempted selective growth of 
SWNT using iron catalyst nanoparticles fabricated with LANS. 
Usually, CNT grows by supplying the carbon material to the 
metallic particles that play the role of catalyst in the vapor 
phase. Our test used iron nanoparticles with an average diam-
eter of 1.7nm that were patterned at the 100nm pitch. We at-
tempted to grow the SWNT by heating the nanoparticles to 
750°C in a vacuum to supply the carbon material that was eth-
anol.

The AFM image in Fig. 5 shows the results of observations 
of the substrate after growth. A large number of thin, linear 
CNT structures can be observed on the substrate. None of the 
CNT structures were erected on the substrate but all of them 
were laid on it, and the lengths were widely distributed from 
some tens of nanometers to two micrometers at the longest. 

The AFM image also shows that almost all of the CNT struc-
tures have grown from the grid points of the nanoparticle ar-
rays. As there has been no precedent for growing each and 
every CNT almost exactly from the point specifi ed by means 
of lithography, our result can be regarded as a breakthrough.

Also, as shown by the graph in Fig. 5, the diameters of the 
CNT structures were distributed completely within the size 
distribution range of the nanoparticles before growth. The 
CNT diameter distribution after growth was 1.3nm (1σ = 
0.4nm) while the average nanoparticle diameter was 1.7nm. 
We also measured the Raman scattering spectrum to confi rm 
the presence of SNWT structures and observed the RBM (Ra-
dial Breathing Mode) peaks that are said to be specifi c to 
SWNT. The SWNT diameters calculated from the peak posi-
tions were 1.22nm and 1.26nm, which corresponded very well 
to the CNT diameter distribution observed with AFM. The 
shapes of the peaks also suggested that they are the signals 
from a single SWNT structure and not bundles. Based on all of 
the above results, it was highly probable that most of the CNT 
structures observed in Fig. 5 were SWNT structures, and this 
made it possible to confi rm the effect of the catalyst nanopar-
ticle size control of LANS4).

Since the growth of CNT occurs around fi ne metal particles 
at the nm level size, the diffi culty in identifying the detailed 
mechanisms has also been attracting attention from the view-
point of nano-characterization.

According to the knowledge accumulated up to the present, 
in the initial stage of CNT growth, metallic nanoparticles heat-
ed to a high temperature absorb hydrocarbon gas from the eth-
ylene or alcohol supplied as the material, and form a eutectic 
state between metal and carbon. At this time, it is said that the 
melting point that is usually above 1,200°C drops to around 
600°C because of the effects of the nanometric size and eutec-
tic state. When the carbon in the nanoparticles in the eutectic 
state are oversaturated to a certain degree, the nanoparticles 
begin to eject the carbon as the CNT structures, beginning the 
growth state in which supply of the carbon material and ejec-
tion of the CNT structures occur successively. The maximum 
growth rate is as high as 1µm/sec or more. This means that 
CNT structures of more than 1,000 times larger than the 
nanoparticle catalyst with about 1nm diameter are ejected in a 
single second.

However, the phenomena described above are merely esti-Fig. 5　CNT growth from catalyst prepared with LANS.

5. In Situ Observation of
Carbon Nanotube Growth
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mated from the situations and they have never been observed 
directly. So we attempted to observe the CNT growth directly 
by combining the 3D nanofabrication technology using fo-
cused ion beam (FIB) and electron beam and the nano-charac-
terization technology based on transmission electron micros-
copy (TEM)5).

Firstly, to enable TEM observation that requires a high de-
gree of vacuum, we began the study with the method for sup-
plying the carbon material in the solid state, although it is usu-
ally supplied in the gas state. Fig. 6 shows the beam-induced 
vapor-phase deposition technology we used to fabricate the 
amorphous carbon (a-C) nanopillars for use as the template for 
the CNT growth. With this technology, the material supplied in 
the gas state and decomposed and deposited locally using a 
beam focused at the nanometric level in order to fabricate the 
structures. When carbon hydride gas is used as the material, it 
is possible to fabricate nanometric a-C 3D structures that are 
suitable for the CNT growth.

We used this technology to fabricate an a-C base block with 
doped iron and fi ne a-C pillars (about 10nm) without doped 
iron as shown in the model diagram in Fig. 7. When the fabri-
cated sample was heated in a vacuum, the iron in the base 
started agglomeration at about 500°C and particles began to 
move around at over 600°C. This is the process by which a-C 
is changed by iron nanoparticles into the more stable graphite 
carbon (g-C), in which a-C is captured by the iron nanoparti-
cles and ejected as g-C in the same way as the CNT growth. 
The successive TEM images shown in Figs. 7 (a) to (e) show 
the results of observations at every 2 seconds in the period 
when an iron nanoparticle penetrates into an a-C pillar.

These images show the process of the gradual advance of an 
iron nanoparticle inside a pillar as if they are capturing a-C in 
it, until a graphite tube with about 10 walls and almost the 
same diameter as the original pillar is ejected. This can be con-
sidered as a completely identical phenomenon to the process 

of CNT growth. In fact, the diffraction pattern obtained from 
the pillar after reaction (f) allows us to observe the diffraction 
of graphite from the 0002 plane.

The nanoparticles migrate by changing their shapes like a 
liquid during a reaction and behavior as if there was surface 
tension at their surfaces was also observed. At the same time, 
however, they also presented phenomena suggesting the pres-
ence of crystallinity, for example image density variation 
called “moiré interferece fringe” such as that seen on the 
nanoparticle in (a). This indicates that the nanoparticles during 
growth have the properties of both liquid and solid at the same 
time. In addition, other previously unknown facts were also 
clarifi ed as a result of analyses, such as the fact that the carbon 
is mainly transported on the surface layers of the iron nanopar-
ticles.

As described above, we are conducting basic properties re-
search in materials searches and applications developments 
using our advanced nanofabrication/nano-evaluation technolo-
gies. We propose to lead the knowledge obtained through this 
research to breakthroughs in existing technologies and propos-
als for new enterprises.

Fig. 6　Beam-excited vapor-phase deposition technology.

Fig. 7　In situ observation of CNT solid-phase growth.

6. Conclusion
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