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Abstract 

Single-shell carbon nanotubes, approximately 1 nm in diameter, have been imaged for the first time by atomic 
force microscopy operating in both the contact and tapping modes. For the contact mode, the height of the imaged 
nanotubes has been calibrated using the atomic steps of the silicon substrate on which the nanotubes were 
deposited. For the tapping mode, the calibration was performed using an industry-standard grating. The paper 
discusses substrate and sample preparation methods for the characterization by scanning probe microscopy of 
nanotubes deposited on a substrate. 

1. Introduct ion 

The discovery of a method for the mass-pro- 
duction of the roughly spherical, nanometer-sized 
fullerenes (e.g. C60 and C70 molecules), spawned 
an extensive effort directed toward the explo- 
ration of their physical and chemical properties 
[1,2]. Following these advances, Iijima [3] and 
Ebbesen and Ajayan [4] reported on a method for 
the production of tubular fullerenes, carbon nan- 
otubes that consist of several shells of hollow 
graphitic tubules. These nanotubes may either be 
open at the ends or capped by fullerene-like 
hemispheres, as evidenced by high-resolution 
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transmission electron microscopy. In particular, 
Iijima observed caps that were curved, polygonal, 
or cone-shaped, while Ebbesen and Ajayan re- 
ported on pentagon-shaped caps. The length of 
the nanotubes typically extend to several microm- 
eters, while the diameter of these multi-shell 
structures vary from 2 to 20 nm. Recently, Iijima 
and Ichihashi [5] and Bethune et al. [6] reported 
on the production of single-shell nanotubes in the 
soot from metal-containing carbon arcs. The rapid 
progress in the synthesis and characterization of 
these nanotubes arouse much excitement, as the- 
ory predicts that their electronic properties may 
vary from semiconducting to metallic, depending 
on the diameter of the structure and the degree 
of helicity in the arrangement of the carbon 
hexagons [7-11]. 

Several techniques are available for the direct 
imaging of single nanotubes, i.e., high resolution 
transmission electron microscopy (HRTEM),  
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ctron microscopy (SEM), scanning 
tunneling microscopy (STM), and atomic force 
microscopy (AFM). The SEM, with its limited 
resolution, can provide a three-dimensional topo- 
graphical image of only multi-shell nanotubes. 
HRTEM, which can resolve both multi-shell and 
single-shell nanotubes, reveals only the projection 
of the structure associated with the position of its 
carbon atoms. Because of the long depth of focus 
inherent in this method, it is difficult to identify 
which nanotubes are at the bottom or at the top 
of a bundle of nanotubes, and the images appear 
therefore to be two-dimensional. Scanning tun- 
neling microscopy (STM) and atomic force mi- 
croscopy (AFM), being proximity probes, are 
unique in that they have an inherent atomic reso- 
lution [12] and at the same time can provide 
three-dimensional topographic images. These 
techniques have the advantage of being able to 
manipulate structures on a small scale, and in 
addition may be used to characterize the elec- 
tronic (STM) and elastic (AFM) properties of 
nanostructures. Indeed, previous work has al- 
ready demonstrated that the STM and AFM can 
image, manipulate, and characterize multi-shell 
nanotubes [13-16]. As an extension of this work, 
we demonstrate in this paper that the AFM is 
also capable of imaging single-shell nanotubes 
whose diameter is approximately l nm. Note that 
this is the diameter of C60 and C70 molecules 
that had been imaged with an AFM only in a film 
structure that had a well-defined periodicity 
[17,181. 

L 
Fig. 1. An atomic force microscope image, obtained in the 
contact mode, of one single-shell (left-hand side) and two 
adjacent multi-shell nanotubes (right-hand side) on the oxi- 
dized S i ( l l l )  substrate. 

2. Experiments and discussion 

We prepared the nanotube samples in an arc 
generator. Here, two graphite electrodes, a cath- 
ode with a 9 mm diameter and an anode with a 6 
mm diameter, were arced at 550 Torr, 75 A DC, 
and 27 V in a helium environment. These condi- 
tions favor the synthesis of nanotubes [3-6]. For 
the purposes of this study, the samples were 
prepared by two different methods: For the first 
sample, a solid 6 mm diameter anode was arced 
against a solid cathode under conditions de- 
scribed above. The cathode deposit was removed 
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Fig. 2. (a) A second atomic force microscope image, obtained 
in the contact mode, of the same 1.1 nm diameter single-shell 
nanotube shown in Fig. 1, on the background of the oxidized 
S i ( l l l )  substrate. (b) A cross section of the image showing 
single and double atomic steps on the silicon substrate. 
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and crushed into fine powder which was used as 
one of the samples. For the second sample, we 
prepared the anode by drilling a 3 mm hole in the 
6 mm diameter anode and packed it with Ni 
powder. The anode was then arced against a solid 
cathode under the same conditions as for the first 
sample, and the soot was collected and examined. 
The samples were separately dispersed in acetone 
or ethanol and sonicated for several hours. A few 
drops of the dispersed solution were then de- 
posited and dried on a Si( l l l )  wafer substrate. 

For the nanotubes prepared by the first 
method, the silicon substrate was annealed under 
ultrahigh vacuum (UHV) conditions to remove 
the residual contamination as well as the oxide 
layer. The wafer was then removed from the 
UHV chamber into air, where a thin native oxide 
is expected to grow. This surface exhibited well- 
defined atomic steps which could be resolved 
with the AFM. For the nanotubes prepared by 
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Fig. 3. Schematic diagram of the convolution of the geome- 
tries of  the A F M  tip and the nanotube.  (a) A spherical tip 
with a radius R and a nanotube  with radius r. (b) The  
convoluted shape for R = 1, 5 and 10 nm, and an experimental  
cross section, from Fig. 2. 
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Fig. 4. (a) An  atomic force microscope image, obtained in the 
contact mode, of two bundles of  nanotubes  on the background 
of the silicon substrate. (b) A cross section of the image. Note 
the flat top of the imaged bundles.  

the second method, we used as a substrate an 
unannealed, oxidized Si( l l l )  wafer. Imaging was 
performed in air using a deflection based AFM 
operating in the contact mode, or a laser diode 
interferometer based stand-alone AFM operating 
in the tapping mode [19-23], using a Nanoscope 
III system [24]. 

Shown in Fig. 1 is an image obtained from the 
sample prepared with the pure graphitic rod used 
in the arc generator. The image, obtained in the 
contact mode, shows one small nanotube (left- 
hand side) and two large nanotubes (right-hand 
side) on the silicon substrate. Note that the small 
nanotube was moved by the AFM tip during the 
scanning process. A second image of the small 
nanotube, on the background of the silicon sub- 
strate, is shown in Fig. 2a. A cross section of this 
image, depicted in Fig. 2b, shows single and dou- 
ble atomic steps on the silicon substrate. From 
the height of these steps, 0.31 and 0.62 nm, 



respectively [25], we find that the small nanotube 
has a height of 1.1 nm. H R T E M  experiments 
indicate that nanotubes having such a small diam- 
eter are single shelled [5]. The adjacent larger 
nanotubes are probably multi-shelled nanotubes, 
being the prevalent species fabricated when using 
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a pure graphitic rod in an arc generator. Because 
of the finite size of the AFM tip, the apparent 
lateral dimensions of the atomic steps and the 
nanotubes are much larger than their height [26]. 
Fig. 3a is a schematic of a spherical tip with 
radius R, a nanotube with radius r, and their 
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Fig. 5. (a) An atomic force microscope image, obtained in the tapping mode, of a 5 ,urn-long collection of nanotubes attached on 
both sides to'large-scale clusters, on the background of the silicon substrate. (b) A zoomed image. (c) A cross section of the image. 
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convoluted cross section. Fig. 3b depicts the ex- 
perimental  cross section of the nanotube shown 
in Fig. 2, together with the calculated cross sec- 
tion using r = 1.1 nm, and R = 1, 5 and 10 nm. 
Note that 7 nm seems to be a reasonable radius 
for the AFM tip. 

In the next set of experiments we imaged 
samples obtained by incorporating Ni in the 
graphitic rods in the arc generator.  It is known 
that this fabrication method produces both iso- 
lated and bundled single-shell nanotubes [5,6]. 
These samples were then deposited on the unan- 
nealed, oxidized silicon substrate. Fig. 4a shows 
an image, again obtained in the contact mode, of 
two bundles of nanotubes on the background of 
the silicon substrate. The cross section of the 
image, Fig. 4b, shows that the top of the imaged 
bundles is fiat, rather than rounded. It is reason- 
able to assume that the image depicts a non-cy- 
lindrical assembly of nanotubes. 

One of the difficulties involved in imaging 
nanotubes with the STM or AFM, is that the tip 
frequently displaces them as it raster scans across 
the surface of the sample. To alleviate this prob- 
lem, we have used a novel mode of operation of 
the AFM, dubbed the " tapping"  mode [22-24]. 
Here,  the AFM tip is vibrated with an amplitude 
ranging from 20 to 100 nm, and the change in the 
amplitude of oscillations, as the tip gently touches 
the surface, is a measure of the topography of the 
nanostructure. Since the lateral forces in this 
technique are small, it is expected that the tip will 
be able to sense the nanotubes without pushing 
them around, as indeed was the case. 

The AFM was calibrated using an industry- 
standard grating with a step height of 9.3 + 0.5 
nm. Figs. 5a and 5b show a large and a zoomed 
area, respectively, of a 5 /xm-long collection of 
nanotubes attached on both sides to large-scale 
clusters, on the background of the silicon sub- 
strate. 

A cross section of the image in Fig. 5b indi- 
cates that the height of these nanotubes is 1.3 
and 1.9 nm, respectively. The calibrated tapping- 
mode AFM image implies, that at least the smaller 
nanotube may be single shelled. Note that the 
possibility of a 1.3 nm nanotube being single- 
shelled is in agreement  with Refs. [5,6]. Figs. 6a 
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Fig. 6. (a) An atomic force microscope image, obtained in the 
tapping mode, of 1.2 and 2.6 nm diameter nanotubes, on the 
background of the silicon substrate. (b) A cross section of the 
image. Note that one of the nanotubes runs across the other 
one. 

and 6b show an image and its cross section, 
respectively, of 1.2 and 2.6 nm diameter  nan- 
otubes that cross each other, on the background 
of the silicon substrate, obtained in the tapping 
mode. The small tube appears  to be single shelled 
on account of its small diameter. Note that the 
protrusions across the nanotubes have often been 
observed in H R T E M  images [6]. 

3. Conclusion 

In summary, we have obtained images of nan- 
otubes, prepared with two different methods, us- 
ing atomic force microscopy operating in two 
different modes. Single-shell nanotubes have been 
observed with samples prepared both with a pure 
and a Ni doped graphitic rod in the arc genera- 
tor. The choice of a S i ( l l l )  substrate covered 
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e oxide was found to be suitable for 
(a) immobilizing the nanotubes so that the scan- 
ning tip does not push them around, and (b) 
serving as an in-situ calibration of the height of 
the nanotubes. It is plausible that the reason the 
AFM could image 1 nm-size nanotubes deposited 
on the oxidized silicon, but not 1 nm-size C60 
molecules, is because the latter have a much 
smaller contact area with the surface of the sam- 
ple, and therefore could be pushed around more 
easily by the tip. The results reported in this 
paper describe sample preparation, choice of sub- 
strate, and image analysis. These should be of 
help in subsequent STM and AFM experiments 
that characterize the electronic and elastic prop- 
erties of single-shell nanotubes, respectively. 

Acknowledgments 

The authors acknowledge the Air Force Office 
of Scientific Research, the National Science 
Foundation, the Office of Naval Research, the 
Ballistic Missile Defense Initiative Office, and 
the Department of Energy for their support of 
this work, and thank J. Chen and Y. Sidorin for 
their help and advice. 

References 

[1] H.W. Kroto, J.R. Heath, S.C. O'Brien, R.F. Curl and 
R.E. Smalley, Nature 318 (1985) 162. 

[2] W. Kr~itschmer, L.D. Lamb, N, Fostiropoulos and D.R. 
Huffman, Nature 347 (1990) 354. 

[3] S. Iijima, Nature 354 (1991) 56. 
[4] T.W. Ebbesen and P.M. Ajayan, Nature 358 (1992) 220. 

[5] S. Iijima and T. Ichihashi, Nature 363 (1993) 603. 
[6] D.S. Bethune, C.H. Klang, M.S. de Vries, G. Gorman, R. 

Savoy, J. Vazquez and R. Beyers, Nature 363 (1993) 605. 
[7] J.W. Mintmire, B.I. Dunlap and C.T. White, Phys. Rev. 

Lett. 68 (1992) 631. 
[8] N. Hamada, S.-I. Sawada and A. Oshiyama, Phys. Rev. 

Lett. 68 (1992) 1579. 
[9] K. Tanaka, K. Okahara, M. Okada and T. Yamabe, Phys. 

Lett. 191 (1992) 469. 
[10] R.E. Smalley, Mater. Sci. Eng. B (Proceedings of the 

NEC Symposium on Nanoscale Materials, 1992). 
[11] S.N. Song, X.K. Wang, R.P.H. Chang and J.P. Ketterson, 

Phys. Rev. Lett. 72 (1994) 697. 
[12] F. Ohnesorge and G. Binnig, Science 260 (1993) 1451. 
[13] M.L Gallagher, D. Chen, B.P. Jacobson, D. Sarid, L.D. 

Lamb, F.A. Tinker, J. Jiao, D.R. Huffman, S. Seraphin 
and D. Zhou, Surf. Sci. 281 (1993) L335. 

[14] Z. Zhang and C.M. Lieber, Appl. Phys. Lett. 62 (1993) 
2792. 

[15] M.H. Ge and K. Sattler, Science 260 (1993) 5107. 
[16] C.H. Olk and J.P. Heremans, J. Mater. Res. 9 (1994) 259. 
[17] D. Sarid, T. Chen, S. Howells, M. Gallagher, L. Yi, D.L. 

Lichtenberger, K.W. Nebesney, C.D. Ray, D.R. Huffman 
and L.D. Lamb, Ultramicroscopy 42-44 (1992) 610. 

[18] P. Dietz, K. Fostiropoulos, W. Kr~itschmer and P.K. 
Hansma, Appl. Phys. Lett. 60 (1992) 62. 

[19] G. Binnig, Ultramicroscopy 42-44 (1992) 7. 
[20] D. Sarid, Scanning Force Microscopy (Oxford University 

Press, New York, 1991). 
[21] D. Sarid, P. Pax, L. Yi, S. Howells, M. Gallagher, T. 

Chen, V. Elings and D. Bocek, Rev. Sci. Instrum. 63 
(1992) 3905. 

[22] Q. Zhong, D. Inniss, K. Kjoller and V.B. Elings, Surf. 
Sci. 290 (1993) L688. 

[23] H.G. Hansma, R.L. Sinsheimer, J. Groppe, T.C. Bruice, 
V. Elings, G. Gurley, M. Bezanilla, I.A. Mastrangelo, 
P.V.C. Hough and P.K. Hansma, Scanning 15 (1993) 296. 

[24] Nanoscope III by Digital Instruments Inc., 520 E. Mon- 
tecito Street, Santa Barbara, CA 93103, USA. 

[25] M. Suzuki, Y. Nudoh, Y. Homma and R. Kaneko, Appl. 
Phys. Lett. 58 (1991) 2225. 

[26] H.-J. Butt, R. Guckenberger and J.P. Rabe, Ultrami- 
croscopy 46 (1992) 375. 


