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Fig. 4. SEM of self-assembled CNTs grown between silicon posts in the gap
region.

explained by the gas ßow patterns that exist around the raised
posts. In our case, we believe that a combination of surface gas
currents and van der Waals interaction are present. First, we note
that the CNTs in our case only grew inside the gap and not any-
where else. In [4], it was reported that the CNTs grew every-
where including the gap. In our case, the presence of aluminum
contact regions precludes the CNT growth over the contacts. In
these regions, as reported by us previously, aluminum acts as
a CNT growth poison under certain conditions suppressing the
CNT growth. One possible mechanism for this growth suppres-
sion is that at 750 , the aluminum is quite soft and starts dis-
solving the iron nanoparticles diminishing their catalytic ability.
Second, we note that the CNTs also do not grow in other re-
gions that are not covered with aluminum, for example, on the
walls of the raised SOI region away from the gap. This lack
of growth, most probably is caused by the surface currents that
generates strong boundary layer shear forces and currents that
may ÒcoolÓdown these regions below the CNT growth temper-
ature. In between the gap regions, a stagnant volume may exist
giving an opportunity for CNTs to grow. The surface current
proÞles, keep the CNT growth conÞned and directed and away
from the bottom surface in these gap regions.

The current versus voltage (I-V) characteristics of the CNTs
measured by contacting the 150 m pads is shown in Fig. 5. It
is interesting to note that the I-V is very symmetric with a de-
ßection region near the origin that is related to the band gap of
the CNT. The symmetry of the I-V indicates that the two elec-
trical contacts at the two ends of the CNT bridges are nearly
identical. Thus, the growth side and welded side are electrically
the same. There were approximately ten CNTs in this device re-
sulting around 10 nA/CNT current conduction at 0.5 V. The re-
sulting current densities at 0.5 V and assuming CNT diameter of
around 10 nm, was around A/cm . In electric Þeld-as-
sisted growth, as well as AFM-assembled CNT devices, the I-Vs
are usually asymmetric indicating different contact characteris-
tics on the two ends of the CNTs.

To examine the strength of the bond between the CNT and
electrode, the AFM technique was used to image, locate, and
then apply a vertical force on the CNT to measure the bond
strength. We used AFM probes with a 0.02 N/m spring constant
and ultra-sharp tips. The tip was then positioned at the midpoint
between two posts over the CNT and 110 nm vertical steps were
successively applied, while measuring the force using the AFM
system. The resultant load deformation plot is shown in Fig. 6.
After AFM testing, the device was imaged with SEM and it

Fig. 5. Current versus voltage characteristic of the CNTs. There were approx-
imately ten CNTs spanning the gap. The I-V is symmetric indicating nearly
identical contacts between the CNTs and the silicon posts. The CNT band-gap
characteristic is evident near the origin.

Fig. 6. Load-deßection characteristics of the self-welded self-aligned
MWCNTs. The peak force before breaking of some of the MWCNT walls and
telescoping occurred at 1:96� 10 N.

appeared that the CNTs were ÒstretchedÓand telescoped out
after the initial breaking of some of this walls as also reported
by other in MWCNTs [5].

The load-deformation plot shown in Fig. 6 indicates that after
the initial contact, the Þrst 110 nm displacement resulted in a
force of around 196 nN before the nanotube length was modiÞed
either due to telescoping effect or breaking during the second
110 nm displacement step. Self-welded silicon nanowires with
similar structures broke at 75 nN level [6]. The initial slope of
the load-displacement curve from Fig. 6 is 1.48 N/m. Taking
the CNT diameter to be around 10 nm and its young modulus
around 1.25 TPa [7], the effective HookeÕs constant at midpoint
loading should be around N/m. So, the apparently
large slope of 1.48 N/m is due to the maximum stress afforded
by the welded CNT contacts on both ends.

Theoretical studies have predicted signiÞcant changes in the
electronic properties of carbon nanotubes because of gas ab-
sorption. To show the feasibility of using our devices as high
sensitivity gas and chemical sensors, the response of carbon
nanotube bridges to different gases were evaluated by moni-
toring the change of the resistance of carbon nanotubes upon
exposure to NH H and HCl. The current through the CNTs was
reduced upon exposure to ammonia and hydrochloric gases, as
can be seen in Fig. 7(a) and (b). For ammonia, the response time
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Fig. 7. (a) I-V of the CNT device (1) before, (2) during, (3) and after exposure
to ammonia. (b) I-V of the CNT device (1) before and (2) after exposure to HCl
gas.

was faster than 2 s when the ammonia was Þrst introduced. It
took around 60 s for the current to become larger again. The
asymmetry of the I-V curve shown in Fig. 7(a) suggests differ-
ential modiÞcation of the CNT contacts. This is undesirable and
will be investigated further. The effect of HCl was smaller. Upon
exposure to HCl, the response time was faster than 10 s. It took
a much longer time for it to recover. During the experiment, the
CNT device was inside a closed petry dish at room temperature
and a small vial containing NH OH or HCl were separately
introduced inside the petry dish allowing the gas molecules to
spread at the partial pressures of these substances.

The electrical response of the self-welded CNT bridges to
different gases can be explained by the following mechanisms.
Due to the overlapping of conduction and valence bands of dif-
ferent carbon layer, at room temperature, MWNTs usually show
a metallic behavior. However, some MWNTs also have con-
ductivity values in the semiconducting range. This phenom-
enon has been veriÞed by the experimental results from several
groups [8], [9]. In our case, the self-welded CNT bridges might
also be semiconducting ones. For these self-welded semicon-
ducting CNTs, the electronic properties of their surface can be
altered due to the charge transfer induced by the absorption of
gas molecules. When setting the sensor in different gases, some
gases will extract electrons from the CNTs, thus acting as accep-
tors and some gases can release electrons to CNTs, thus acting as
donors. In our experiment, the starting MWCNTs were exposed
to air and are very likely low resistivity p-type. Both NH OH
and HCl seemed to act as donors compensating for the whole
concentration and reducing their conductance. The defects on
the surface of CNTs may also contribute to the CNTsÕcapa-
bility of gas sensing. These local defects existing in different
forms not only increase CNTsÕoverall conductance [10] but
can also provide a preferred location for interactions with gas

molecules and the associated charge-transfer processes. There
is another possible mechanism contributing to the conductivity
change upon gas absorption. As we know, multiwalled nan-
otubes are basically 2-D structures consisting of multiple con-
centrically nested carbon tubes, similar to the rings of a tree
trunk. The gas molecules absorbed and attached to the outer sur-
face of the multiwalled carbon nanotubes may deform the outer
layer and shift the lattice arrangement between the outer layer
and inner layer of the MWNTs, thus affecting their transport
property.

In summary, we have demonstrated the growth of lateral-ori-
ented and self-welded carbon nanotubes by using metal cat-
alyzed chemical vapor deposition without applying any electric
Þeld or external force. The carbon nanotube bridges formed be-
tween silicon posts are mechanically robust as conÞrmed by the
atomic force microscope measurement. The fact that a drastic
change in the CNT conductivity in the presence of ammonia
and HCl (gas) was observed shows the feasibility of using our
self-welded nanostructure as a basis of very sensitive CNT gas
sensors. This structure also offers the possibility of fabricating
novel nanoscale electronics and optical devices efÞciently and
costly.
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