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WS, nanotubes as tips in scanning probe microscopy
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WS, nanotubes a few microns long were attached to microfabricated Si tips and tested afterwards
in an atomic force microscope by imaging a ‘‘replica’’ of high aspect ratio, i.e., deep and narrow
grooves. These WS, nanotube tips provide a considerable improvement in image quality for such
structures when compared with commercial ultrasharp Si tips. The nanotube tip apex shape was
extracted by blind reconstruction from an image of Ti spikes, showing a smooth cylindrical profile
up to the end. © 71999 American Institute of Physics. [S0003-6951(99)03151-4]

The synthesis of bulk quantities of WS, nanotubes a few
microns long have been reported recently.' The distribution
of nanotube diameters is bimodal with about 20% of the
nanotubes having a diameter of about 100 nm, and the rest
are 20—-40 nm in diameter. Figure 1 shows a scanning elec-
tron microscopy (SEM) image of (a) a mat of WS, nano-
tubes, (b) an enlarged image of this mat, and (c) a single
WS, nanotube micrograph, obtained by transmission electron
microscopy (TEM). Many of the nanotubes grow in bundles
as shown in Fig. 1(b). Among the various potential applica-
tions, the use of these nanotubes as tips for atomic force
microscopy (AFM) was explored, first.

For investigating high aspect ratio features as are now
common in the microelectronics industry, conventional mi-
crofabricated AFM tips are of limited use. Without special
treatment (such as ion beam milling of the Si tip), aspect
ratios of 3:1 or lower are typical. Thus, when scanning over
high aspect ratio features, the tip profile, rather than that of
the surface, is imaged. For instance, the width of such a tip at
a height of 3 wum from its apex is about 1 um compared to a
uniform thickness of 20-30 nm for the WS, nanotubes.
Based on this analysis, it was deduced that WS, nanotube
tips should be more suitable for the analysis of deep and
narrow structures than commercially available tips. In this
letter, we present the performance of WS, nanotube tips ap-
plied to a “‘replica’ sample with deep features of varied
width.

Carbon nanotubes have previously been applied as AFM
tips, and it appears that these tips have potential to probe
extremely narrow sl:rui‘.t'l:un:iul,i because of the slenderness of
the nanotubes (diameter of 1-5 nm). Furthermore, the
growth of carbon nanotube tips directly onto S1 cantilevers
has been recently demonstrated.’

Details of the production and growth mechanism of the
WS, nanotubes have been given before.' In short, asymmet-
ric nanoparticles of WO, _, were obtained by heating a tung-
sten filament in the presence of water vapor under vacuum.

“Electronic mail: ¢preshefi@weizmann, weizmann.ac.il

0003-6951/99/75(25)/4025/3/$15.00

4025

These nanoparticles are subsequently converted into WS,
nanotubes by firing them in H,;S under a reducing atmo-
sphere. The mounting of the WS, nanotubes on ultrasharp Si
tips (NT-MTD-NSCS12 noncontact) was performed accord-
ing to a published procedure,” consisting of first transferring
glue from conductive carbon adhesive tape onto the Si tip
and subsequently sticking the nanotube or a bundle of nano-
tubes onto this tip by touching to an area of the tape dusted
with a powder of the nanotubes. The entire process is viewed
under a high power (X800) inverted light microscope (Ax-
iovert 25), and sample movement controlled by microman-
ipulators. In these preliminary experiments, this procedure
vielded one high quality tip out of ten to twenty attempts.
““Etching”” by applying a voltage between nanotube tip and
surface when they were in close proximity as applied suc-
cessfully with carbon nanotube tips did not improve perfor-
mance here. Some of the failed attempts can be ascribed to
the fact that about 20% of the nanotubes have a large diam-
cter (100 nm), which make them unsuitable for the present
experiments. Unfortunately, the limited optical magnifica-
tion, did not permit one to distinguish between a single nano-
tube or a bundle of nanotubes. Nonetheless, no evidence of a
multiple tip was observed in the images.

In order to demonstrate the capabilities of these tips for
investigating deep and narrow structures, they were used to
image trenches of varying linewidth and a depth of 670 nm.
As seen in Fig. 2, the WS, nanotube tips perform signifi-
cantly better than microfabricated sharp Si tips. Indeed,
while the WS, nanotube tip follows the contour of even the
finest “‘replica’” and reaches its bottom [Fig. 2(b)}, the com-
mercial Si tip is unable to do so [Fig. 2(a)]. The Si tip is also
unable to follow the sample’s contour very smoothly [Fig.
2(c)], since the tip surface is not passivated and strong inter-
action with the substrate at close proximity is therefore un-
avoidable. On the contrary, the WS, nanotube tip does not
exhibit a strong affinity towards the probed surfaces, even in
the intermittent contact mode applied here. Therefore, the
nanotube tip does not stick to the surface during the scan and
the trace is much smoother in this case [Fig. 2(d)]. This
behavior is a manifestation of the passivated surface of the
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FIG. 1. Typical SEM picture of a WS, nanotube mat deposited on a gold
surface; (d) enlargment of one portion of the previous mat; (¢) TEM micro-
graph of a hollow multiwalled WS, nanotubes as they are found in the mat.

nanotube, which exhibits little affinity to the underlying sur-
face.

Another measure for the quality of the image is the
steepness of the trench edges. Comparison of the profiles
obtained with the nanotube [Fig. 2(b)] and that of the Si tip
[Fig. 2(a)], clearly shows the advantage of using the former.

Also remarkably, a repeated testing of this tip over a
period of two months did not reveal any deterioration in the
quality of the AFM image. This observation indicates that
the WS, tip is chemically very stable and does not pick-up
contaminants from the surroundings. This is another indica-
tion for the inertness of the nanotube surface, which makes it
very useful for the present application.

To get an idea of the real shape of the apex tip which
had scanned the sample’s surface, scanning on a Ti tip
calibrator® and subsequent blind reconstruction of the WS,
tip shape was done (Fig. 3).” This process uses a deconvolu-
tion procedure, whereby the sharpest features on the image
surface are used to obtain an estimate of the tip shape. An
iterative procedure results in the best tip approximation. This
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FIG. 2. AFM imaging of nominally 670 nm deep structures of varying
linewidth. Here, three-dimensional views and linecuts comparing microfab-
ricated sharp Si tip (NT-MDT SCI12 noncontact) and WS, nanotube tip are
presented. In the left column, a 350 nm linewidth structure is measured by
(a) Si microfabricated and (b) WS, nanotube tips. (c) and (d) a 600 nm
linewidth structure measured with Si microfabricated and WS, nanotubes
tips, respectively. Note that in case (a), the Si tip cannot reach the bottom of
the trench, while the nanotube (b) is able to follow the trench contour,

procedure should give an upper bound for the tip width since
the surface features have finite dimensions which augment
the image widths. The result of the calculation gave a width
of 17 nm for the last 89 nm of the tip length. The image of
the replica sidewall gives some measure of the larger tip
profile.

The long and narrow geometry of nanotubes results in a
relatively weak spring constant in the lateral direction. When
imaging deep trenches, attractive forces between tip and
sidewall (electrostatic, capillary, etc.) could cause snapping
of the nanotube to the wall and resultant instability in scan-
ning. The elastic properties of the nanotube are therefore an
important determinant in their usefulness in these measure-
ments. To demonstrate this characteristic, we consider the
vdW interaction force (F) between a cylindrical nanotube of
radius R and a flat surface (i.e., sidewall of replica) a distance
D away over the length L that the nanotube extends into the
trench:

ARY31 —/10D%2, (1)

where A is the Hamaker constant, here taken as 5x 10 %%,
The bending force constant (k) of a cylindrical beam fixed at
one end is

k=2.5RE/, (2)

Here, R is the nanotube radius and £ is the bending modulus
for the nanotube, taken as 1 TPa, and / the length of nano-
tube (note this is generally not equivalent to L).
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FIG. 3. Blind reconstruction of the shape of the WS, nanotube tip which
had scanned the ‘‘replica’” of Fig. 2. The width and the length of the WS,
nanotube tip is respectively 17 and 89 nm,

Using these formulas, we can calculate the distance be-
tween nanotube and sidewall at which the attractive vdW
force would cause the nanotube to snap into the sidewall,
causing an instability. For a nanotube of 10 nm radius, and 2
pum length, extending 0.5 wm deep into a trench, this dis-
tance is 6 nm. Considering that in typical measuring condi-
tions additional forces (capillary, electrostatic) will act to
augment this force, the possibility of using nanotube tips for
nm-level measurement of steep trenches narrower than 100
nm is fundamentally limited. Equation (2) shows that thicker
nanotubes will be substantially more stable, but with con-
comitant compromise in resolution.

The elastic stiffness coefficients in the basal plane (C))
and along the ¢ axis (C;3) of hexagonal 2ZH-WS, and graph-
ite have been reported (C,=0.15 TPa for WS, and 1.06 TPa
for graphite; C;3;=60GPa for WS, and 36.5 GPa for
graphite).® It is expected that the S~W-S sandwich in the
WS, layers, will induce an increase of the stiffness in the
axial direction of the nanotubes. This could explain the em-
pirical observation that the WS, nanotubes appear straight in
electron microscope images (Fig. 2 and see also Ref. 1).
Also, the present synthesis results in WS, nanotubes, which
are quite perfect in shape. Both factors are probably respon-
sible for the very good stability and time invariance of the
WS, nanotube tips.

The axial Young’s modulus of carbon nanotubes was
estimated using Raman spectroscopy.’ Concerning the elastic
properties of WS, nanotubes, no data are yet available as
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opposed to the tremendous wealth of recent literature for
carbon nanotubes.* ' Very few studies have been reported
on the mechanical properties of other inorganic
nanotubes.' "> Therefore, further work is necessary to eluci-
date the mechanical stiffness of the present tips.

The thickness of the WS, nanotubes, which are used as

AFM tips (20-40 nm), is larger than the usual multiwall
carbon nanotubes (5-20 nm?). The closure of the WS, nano-
tubes at both ends is ascribed to the formation of triangular
and rhombohedral defects as is the case for MoS, nanopar-
ticles with fullerene-like structure.'®'” Therefore, their ex-
treme end should be sharper than the one of carbon nano-
tubes, the latter being only consistent with pentagonal
defects.'® This is seen in the sharp contrast obtained in the Ti
asperity surface (not shown) used in the blind reconstruction.

Since the WS, nanotubes have similar optical properties
to the bulk 2H-WS,, which is a semiconductor material (in-
direct gap of 1.3 eV and direct gap of 2.05 eV'?), the present
WS, nanotubes can be easily sensitized by visible and infra-
red light. These WS, tips are therefore also very promising
for carrying-out photostimulated processes on surfaces.
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