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A custom double wall carbon nanotube for thermal surface modification is proposed. By studying
the heat transfer characteristics in the system, it is demonstrated that such a device is capable of
producing high resolution patterns on a sample surface. A constant distance between the double wall
carbon nanotube tip and the sample surface is maintained due to the van der Waals interactions
without the need of an active feedback mechanism. © 2009 American Institute of Physics.
�doi:10.1063/1.3263954�

The atomic force microscope �AFM� is being adapted
into a versatile instrument with new techniques currently be-
ing developed.1 One particular field of interest is the use of
hot AFM tips for nanolithography. Applications involving the
use of hot tips, such as thermal writing,2–4 nanoindentation
by resistively heated probes,5,6 or initialization of chemical
transformations,7 were reported. Two main challenges in im-
proving the use of an AFM tip for nanolithography have
been identified for all types of methods for surface modifi-
cation. One challenge is achieving high spatial resolutions,
which is directly related to the sharpness of the tip; the other
one is the accurate control of the tip-surface distance, which
affects the quality of the nanolithography surface modifica-
tion. Obtaining sharp resolution has been tackled by using
nanostructures with high aspect ratio, while maintaining a
constant tip-surface distance is a long standing problem in
practically all nanolithography devices. The former usually
involves designing custom feedback circuits. This is a major
obstacle in improving the use of AFM since each application
is specific to the experimental conditions.

In this letter, a telescopic double wall carbon nanotube
�DWNT� for hot nanolithography that improves the spatial
resolution and successfully solves the problem of maintain-
ing a constant tip-surface distance is proposed. The system
consists of a finite length outer tube attached to an AFM
cantilever, while the inner tube with length larger than the
outer one is free, Fig. 1�a�. By studying the heat transfer in
the DWNT/surface, it is found that the size of the thermal
spot on the surface is mainly determined by the inner tube
diameter indicating that high spatial resolution can be
achieved if small diameter nanotubes are used. The interac-
tion forces in the DWNT/surface system are of van der
Waals �vdW� type and it is shown that the inner tube is
located always at the same energetically favorable distance
from the surface. Since the inner tube can move telescopi-
cally along the DWNT axis, the tip/surface distance is main-
tained constant due to the vdW interaction, which in turn
eliminates the need of an active feedback loop.

Consider first the forces in the DWNT/surface configu-
ration. For illustration purposes, a �5,0�@�9,7� DWNT is
chosen, with corresponding radii R1=1.95 Å and R2
=5.44 Å and lengths L1=20 nm and L2=10 nm. The inter-
action is described with a pairwise additive Lennard-Jones

vdW type of potential for extended systems,8,9 and it has
contributions from the tube-tube and inner tube/surface. The
vdW potential energy V in such a system is considered in
detail in Ref. 10. The force F acting on the inner tube is
determined by F=−dV /dzrel with zrel being the relative dis-
placement of the tubes centers of mass.

The potential energy and the force are shown in Figs.
1�b� and 1�c�. When the DWNT is far from the surface, its
equilibrium position occurs when the centers of mass of both
tubes coincide �zrel=0�. When approaching the surface, the
inner tube will start to sense its influence. As a result, the
potential energy in the system exhibits a minimum Fig. 1�b�,
which is found to be always at the same inner tube-surface
distance d0�2.5 Å, independent of the position of the outer
tube relative to the surface. The value of d0 slightly differs
for different sample materials because of the material depen-
dent Hamaker coefficients in the vdW interaction,10 but it is
always on the order of 2–3 Å, which is characteristic for
systems stable due to vdW forces. Also it has been shown10

that the length of the inner tube does not influence d0. There-
fore, by laterally scanning the surface, it is possible for the
inner tube to follow the surface at a constant distance d0
without the need of an active feedback mechanism. This can
also be advantageous for an array of DWNT tips attached to
the same cantilever and operating in parallel, since each in-
ner tube will follow the surface at that constant distance with
no individual feedback required.
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FIG. 1. �Color online� �a� Schematics of the DWNT system close to a
surface, �b� the potential energy of the system, and �c� the force on the inner
tube, as a function of zrel for different values of the distance d between the
edge of the outer tube and the surface.
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Next consider the heat transfer in the system. The
DWNT tip is initially heated by a pulse laser to the desired
temperature Ttip. This can be easily achieved since nanotubes
were reported11 to sustain temperatures exceeding 2000 K.
The surface is assumed to be at T0=300 K, and the entire
system is in the environment of air also at T0=300 K. Heat
can be exchanged between the tip and the surface through
convection12 and radiation.13 The convection heat transfer is
due to the air molecules which are modeled as N2 molecules
to a first approximation. At room temperature and atmo-
spheric pressure, their mean free path is �=55 nm.14 Since
the tip equilibrium distance to the surface ��2.5 Å� is much
smaller than the mean free path �, a mainly ballistic heat
transport is considered here. Furthermore, it is assumed that
an incident molecule at T0=300 K is heated instantaneously
when impacting the hot nanotube by adopting a Maxwellian
velocity distribution at Ttip. Then the molecule will travel
from the nanotube to the surface ballistically, where it will
transfer all of its kinetic energy.

The heat flux per unit area emitted from the
surface of one tube is �tip=ntipmvrms

2 /2, where ntip is the
number of air molecules per unit area emerging from the
tube surface, m is the diatomic molecular mass, and vrms is
the root mean square of the velocity. ntip is calculated by
imposing an equilibrium condition which requires that the
molecular flux emitted from the tube equals the molecular
flux incident at the surface15 as

ntip = n0�Ttip/T0�3/2�0
�v3 exp�− mv2/2kBT0�dv/

�0
�v3 exp�− mv2/2kBTtip�dv , �1�

where n0 is the number of incident air molecules per unit
area at room temperature and kB is the
Boltzmann constant. An estimate of the emitted heat
flux/unit area at Ttip=500 K, for example, gives �tip
�0.32 M Wm−2.

The radiation heat transport is described in detail in Ref.
13, where it was shown that the heated object behaves like
an antenna radiating electromagnetic field. It was demon-
strated that the radiation heat flux is much smaller than the
convection one ranging from one order of magnitude smaller
for a silicon surface to four orders of magnitude smaller for a
silver surface. Therefore, this kind of heat transport is not
considered here.

The surface heat distribution is determined by the total
incident heat flux �=�1+�2, where �1 and �2 are the heat
fluxes from the inner and outer tube, respectively. Consider
�1 first to see the distance characteristics of the heat transfer
due to one tube only. In steady state conditions, �1 is ex-
pressed in terms of the emitted heat flux per unit area �tip as

�1 =
R1�tip

4�
�
i=1

3 �
−�i

�i

d���d2 + r2 + R1
2 − 2rR1 cos ��−1/2

− �−1� , �2�

where r is the radial cylindrical coordinate �Fig. 2�a��.
The integration limits �1=�, �2=cos−1�R1 /r�, and
�3=−cos−1�R1 /r� correspond to the heat from the interior of
the tube to the surface for r�R1, r�R1 and from the exterior
of the tube to the surface, respectively.

Figure 2�a� shows that for separations smaller than a
certain threshold value dt, the thermal spot reproduces the
cylindrical geometry of the tube. For separations larger than

dt, this signature is lost and the deposited heat flux becomes
axisymmetric with one maximum at r=0. Similar findings
were reported in Ref. 15 for a pyramidal tip. By considering
tubes with various radii the threshold distance is found to be
always approximately dt	R1 /2.

If one defines the spatial resolution as the full width half
maximum �FWHM� of the heat profile,15 Fig. 2�b� shows
that the FWHM is mainly determined by the heat flux com-
ing from the inner tube. For example, the �5,0�@�9,7�
DWNT can achieve a FWHM of about 1.2 nm and 1.4 nm,
for d=5 nm and d=3 nm, respectively.

A phenomenon which may limit the resolution is the
thermal vibration of the inner tube closest to the surface. The
thermally vibrating part of the inner tube can be described as
a cylinder clamped at one end16,17 �Fig. 3�a��. The amplitude
w of the thermal vibrations at the end of the tube is estimated
using w= �4kBTL3 /3�R1

4Y�1/2, where T is the absolute tem-
perature of the tube and L is the length of the isolated part of
the inner tube. The Young modulus Y is taken to have its
experimental17 value Y =1 T Pa. Figure 3�b� indicates that

FIG. 2. �Color online� �a� Heat flux distribution on a surface under a tube of
radius R1, in terms of the emitted heat flux per unit area �tip. �b� Total
incident heat flux in terms of �tip. The dashed line is the heat flux from the
inner tube only. The inset shows the relative contribution of the heat flux
from the outer tube to the one from the inner tube as a function of r. Half of
the FWHM is also shown for two cases.

FIG. 3. �Color online� �a� Model of the DWNT thermal vibration and �b�
Incident heat flux in terms of the emitted heat flux per unit area �tip, with
thermal vibration taken into account. Half of FWHM is also shown.
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even though there is an increase in FWHM due to thermal
vibrations �FWHM has increased by 20% for L=4 nm, for
example�, the resolution of the tip is still high due to the
small carbon nanotube diameter. An important point is that L
has to be such as to minimize the contribution from the outer
tube and to prevent large amplitudes of the inner tube vibra-
tion. It is suggested that L� �3,5� nm is optimal for the
operation of the device.

For all of the above reasons it is proposed that such a
telescopic DWNT can be effectively used for thermally pro-
ducing patterns on surfaces. To prevent chemical reaction
with the environment, the carbon end bonds are saturated
beforehand.18 High quality DWNT can be prepared by high-
temperature discharge methods and attached to conventional
AFM tips by nanomanipulation19 or by liquid deposition
with magnetic field alignment.20 When the heated DWNT is
brought close to the surface, the inner tube moves to its
equilibrium position ��0.3 nm� due to the vdW forces. Heat
is transferred to the surface mainly through convection and a
thermal spot is produced on the surface. By moving the can-
tilever parallel to the surface, the inner tube will always be at
the equilibrium position, and the DWNT will thermally
modify the surface.

In conclusion, it is shown that a DWNT can be used as a
hot nanolithography device without the need of an active
feedback mechanism. The radial dimension of the nanotube
allows achieving high spatial resolutions. The tip can further
benefit from the nanotubes chemical and structural robust-
ness being a virtually nonwear system.
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