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We report the controlled adsorption of individual multi- and single-walled carbon nanotubes from
purified aqueous dispersions onto chemically modified silicon oxide surfaces as well as on
predefined electrode patterns~100 nm electrode separation!. Detailed structural investigations were
performed using scanning force microscopy~SFM! without interference from other carbon
materials. These studies revealed the striking flexibility of single-walled nanotubes. In contrast to
comparably stiff multi-walled nanotubes~MWNTs! which bridged the electrode lines, single-walled
nanotubes~SWNTs! were found to follow the profile of the underlying electrodes almost exactly.
Based upon the SFM cross sectional analysis of an individual MWNT~8 nm diameter! a Young
modulus of about 1 TPa was estimated. Furthermore, nanotube adsorption from the
surfactant-stabilized dispersions led to flow-induced orientation processes. ©1998 American
Vacuum Society.@S0734-211X~98!00605-2#
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I. INTRODUCTION

Since their discovery in 1991,1 carbon nanotubes~NTs!
have been investigated intensively because of their outst
ing electronic and mechanical properties. Many applicati
have been proposed including hydrogen storage,2 field
emission3 or electrical devices.4,5 The electronic structure o
individual SWNTs is of especially great interest, becau
theory predicts different electrical behavior~metallic or
semiconducting! depending on the diameter and wrappi
angle of the tube.6 Electrical transport studies on NT ropes
individual NTs revealed single-electron tunneling7 and recti-
fying behavior.8 Furthermore, SWNTs have been shown
behave like quantum wires at low temperatures.9

A number of theoretical studies10,11have predicted NTs to
be extraordinarily resilient, being able to sustain extre
strain without any irreversible deformation or other dama
The elastic properties are highly anisotropic:12 the tubes are
stiff parallel to their axial direction, but flexible perpendic
lar to it. Therefore NTs may find applications in new com
posite materials13 or as stable and sharp probes in scann
force microscopy~SFM!.14

Different characterization methods have been applied
NTs. With scanning electron microscopy~SEM! one can eas-
ily observe multi-walled nanotubes. In contrast, SWNTs
hard to detect using this technique due to their low hei
and material contrast. In addition, SEM is a destruct
method: deposition of carbon material15 or even damage o
the tubes may occur. Transmission electron microsc
~TEM! is an excellent high resolution technique for imagi
of NTs, but requires transparent substrates. In contrast, s
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ning probe microscopy techniques combine high resolut
~down to atomic features! with real three-dimensional imag
ing and are therefore excellent methods for structural inv
tigations of NTs. Scanning force microscopy also allo
measurement of the mechanical properties of the
samples.16,17

Reliable studies of the electrical properties of N
strongly depend on tube material of high purity. Recen
we reported a nondestructive purification method using s
exclusion chromatography.18 This procedure is applicable t
surfactant-stabilized aqueous dispersions of both, single-
multi-walled nanotubes. In this article, we present SFM st
ies of individual SWNTs and MWNTs deposited from su
purified dispersions on chemically modified wafer surfac
as well as on electrode arrays. One aim was to investigate
dependence of adsorption characteristics of micellar
persed NTs on the chemical nature and topography of
substrate surface. We also investigate the mechanical
ibility of individual multi- and single-walled NTs, which is
important for an understanding of future electrical measu
ments.

II. SAMPLE PREPARATION AND METHOD

MWNTs were prepared by the conventional arc-discha
method.19 The SWNTs were synthesized in an arc plasma
the presence of a Ni-Y catalyst.20

Silicon wafers with a 1mm thick thermally grown oxide
layer were used as substrates. Electrode patterns~Au/Pd 3/2!
were formed by conventional e-beam lithography using
double layer PMMA resist and a modified Hitachi S23
microscope.
2796/16 „5…/2796/6/$15.00 ©1998 American Vacuum Society
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As reported previously, MWNTs and SWNTs were d
persed in water with the aid of sodium dodeclysulfat~SDS!
and subjected to size exclusion chromatography.18 The puri-
fied NTs were then directly deposited on chemically mo
fied SiO2 surfaces.21 The wafers were treated with an aqu
ous 2,5 mmol/l 3-aminopropyltriethoxysilane~APS! solution
for 15 min at room temperature in order to create positiv
charged amino groups on the SiO2 surface. Substrates wit
electrodes obtained from e-beam lithography were u
without any further chemical modification. Adsorption tim
of the NT fractions depended on their concentration a
ranged typically between 15 and 30 min. The surfactant w
removed by a brief rinse with pure water, followed by dryin
of the substrate in air.

Scanning force microscopy was performed with a Na
scope IIIa system~Digital Instruments!, using a MultiMode
base and 14mm E-Scanner. All measurements were carr
out under ambient conditions. Samples were investigate
Tapping Mode, using commercial silicon cantilevers~Nano-
probe!.

III. IMAGING OF INDIVIDUAL NANOTUBES ON
CHEMICALLY MODIFIED SUBSTRATES

First, experiments were performed on substrates with
electrodes in order to evaluate sample homogeneity, ap
priate adsorption times and the structural integrity of
tubes. Figure 1 presents two SFM images of MWNTs
sorbed from micellar dispersions before and after chrom
graphic separation, respectively. Figure 1~a! demonstrates
that the unpurified material consists of thick rods~bundles of
MWNTs! and larger particles~presumably polyhedra an
amorphous carbon!, which are partially interconnected. I
the present case, the surface was not rinsed with water
consequently the tubes are still embedded in a sea of su
tant, which is visible as a smooth gray background in c
trast to the dark wafer surface. Figure 1~b!, corresponding to
the adsorbed purified tubes after rinsing with water, illu
trates the presence of well-distinguished individual MWNT
to which no or only few particles are attached. It is notew
thy that the tube lengths in this sample~0.5–1.5mm! are
considerably smaller than those of the unpurified sam
(,0.1–5mm!. This result is related to size separation duri
the chromatographic process18 and could be confirmed by
SFM measurements on MWNTs adsorbed from vario
chromatographic fractions. Similar behavior occurs in
case of SWNTs adsorbed from surfactant-stabilized dis
sions.

In the case of purified samples, it was possible to cha
terize individual carbon nanotubes in detail without interf
ence from other carbon materials. As a representative
ample, Fig. 2~a! shows a single MWNT, which is about
mm long and 7 nm high. The best measurement of the t
diameter is obtained from the height measurement@bottom
of Fig. 2~a!#. The larger apparent width ('40 nm! of the
tube in Fig. 2~a! can be attributed to the convolution of th
SFM tip and the measured object.22 The tip radius of the
cantilever can be approximated as follows:23 the apparent
JVST B - Microelectronics and Nanometer Structures
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width w of spherical particles depends on the tip radiusr t

and on the radius of the particler p according to

w52@~r t1r p!22~r t2r p!2#1/2. ~1!

From w'40 nm andr p'3.5 nm, the tip radiusr t is esti-
mated to be'30 nm, a value which is reasonable for th
pyramidal shaped cantilevers used in the present st
~nominal tip radiusr t between 15 nm and 30 nm!.

A typical example of an individual single-walled nano
tube~approximately 1.2mm long, 1.1 nm high! is displayed
in Fig. 2~b!; again the apparent width of 22 nm is enlarg
due to tip convolution. The high flexibility of the SWNT i
remarkable: in contrast to the rigid, straight MWNTs show
in Fig. 1~b! and Fig. 2~a!, the SWNT reveals a distinct cur
vature. Upon closer inspection of Fig. 2~b!, it is recognized
that the height of the top end~4 nm! of the tube is slightly
larger. This is attributed to the presence of several NTs c
nected together forming a rope in this end region. The f
mation of ropes in SWNTs synthesized via the arc-discha
method is well documented.20 Generally, we interpreted ob

FIG. 1. SFM images of MWNTs adsorbed on APS-treated SiO2 surfaces~a!
before and~b! after chromatographic separation. Only sample~b! was rinsed
with water to remove the surfactant.
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FIG. 2. NTs adsorbed on APS-treated SiO2 surfaces.~a! SFM image of an
individual MWNT and cross section perpendicular to tube axis.~b! SFM
image of an individual SWNT together with cross section perpendicula
tube axis.~c! A nanotorus with an average height of 3 nm and a diamete
about 250 nm.
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jects with heights between 0.8 and 2 nm as individ
SWNTs, whereas heights ranging between 2 and 5 nm w
attributed to ropes. However, it is important to recognize
limitation of this assignment for the case of a bundle cons
ing of two 1 nm tubes.

A large fraction of the SWNTs exhibited a curved shap
sometimes forming loops or semicircles. Occasionally,
observed NTs forming a nanotorus, i.e., a closed nano
without any apparent beginning or end. In Fig. 2~c! such a
nanotorus with a diameter of'250 nm is shown. From the
measured height of 3 nm it is concluded that the pres
torus consists of a rope of SWNTs. However, due to
limited lateral resolution of SFM, it is not possible to strict
exclude the possibility that the torus is not fully closed. O
the upper part of the torus, there is a slightly thicker p
nol. B, Vol. 16, No. 5, Sep/Oct 1998
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~height of 5 nm!, which might be formed by a catalytic par
ticle which is incorporated in the torus.

IV. BENDING BEHAVIOR OF NANOTUBES ON
ELECTRODES

The SFM investigation of MWNTs deposited on electro
arrays revealed a noticeable bending of the tubes upon cr
ing the electrode lines. This behavior is exemplified in Fig
by a MWNT with a length of 850 nm and a height of 8 nm
By assuming an inner tube diameter between 0.7 and 2
and a shell separation of 0.34 nm,6 the number of shells is
estimated to 8–10. The bending of the tube over the t
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FIG. 3. SFM image of an individual MWNT bridging over two Au/Pd electrode lines:~a! Topographic view,~b! three-dimensional plot.~c! Cross section along
tube axis~solid line!, profile of underlying electrodes~broken line!.
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electrodes is stressed by the corresponding three-dimens
plot in Fig. 3~b!. The electrode lines are 100 nm apart, 80 n
wide and 14 nm in height. A cross sectional view along
tube axis is given in Fig. 3~c! ~full line!, with the broken line
representing the profile of the underlying electrodes. T
slow rise of the profile of the NT over the electrodes sta
about 150 nm in front of the left electrode line and is
indication of long range flexibility. The distance of the tub
from the substrate has a maximum at about the middle of
electrode gap. Here, the top of the tube is 24 nm above
substrate. If one subtracts the electrode height of 14 nm
assumes a constant NT diameter of 8 nm, this leaves a
plus of 2 nm due to the convex bending. In contrast to
gradual rise in front of the left electrode, the descent after
right electrode is much more abrupt. This is ascribed to
ending of the tube at about 80 nm after crossing the e
trode. We assume that on this side, the tube has a lo
hanging end which makes no contact with the substrate.

A striking feature in the topographic image of Fig. 3~a! is
that the tube width appears non-uniform. It seems to be
creased between the electrodes, whereas it is of smalle
most identical size on the electrodes and the wafer surf
The most likely explanation for this observation is an artifa
due to tip convolution. In general, the degree of tip conv
lution depends on the effective height of the investiga
JVST B - Microelectronics and Nanometer Structures
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object,24 as illustrated in the scheme of Fig. 4. If the height
the object is larger than the range over which the tip sh
can be approximated as a sphere additional broadening
result. In the present case, this effect is more pronounced

FIG. 4. Schematic representation of tip convolution, solid lines represen
tip tracking. ~a! Due to the finite size of the SFM tip~tip radius r t) the
imaged object appears wider.~b! If the same object is located at a distanc
h above sample surface, it first gets in contact with the broadened uppe
of the tip and will be imaged considerably wider in comparison to case~a!.
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FIG. 5. SFM image of an individual SWNT deposited on an electrode array:~a! Topographic view and~b! three-dimensional plot.
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the tube between the electrodes compared to the tube o
substrate or on the electrodes. Hence, the tube appears
in the gap region~tube width'58 nm! than in the latter two
regions~tube width'45 nm!.

The tube bending over the electrode lines allows an e
mate of the elasticity constants. In a first approach,
Young modulus of the MWNT in Fig. 3 was estimated b
solving the classical beam elasticity equation25 for a nano-
tube absorbed on a stepped surface:

d4f ~z!

d4z
5

K~z!

YI
, ~2!

where f (z) measures the distance of the nanotube with
spect to the planar surface,K(z) is the load force per uni
length as related to the nanotube/surface interaction,Y is the
Young modulus, andI the moment of inertia of the cros
sectional area. The attractive substrate/nanotube force
unit length was approximated by the van der Wa
attraction.26 The interaction between carbon and surface
oms is modulated by a Lennard-Jones potentialc/r 122d/r 6,
where the attractive part is obtained within the Lifsh
theory of van der Waals forces. The values used in
present study arec52.53104 eV Å12 and d527 eV Å,6

which are very similar to the C/C van der Waals interact
parameters.27 The model is simplified by treating the sub
strate as a continuous medium. Under this assumption,
tube/substrate interaction per unit length becomes an ana
cal function.26 This approach is similar to studies which u
van der Waals interaction between carbon and graphite.27,28

We describe the surface through a step function of he
h ~the electrode height in the experiment!. By using a finite-
difference approximation to the fourth-order derivative a
imposing that the tube is lying flat on the surface far from
step, Eq.~2! transforms to a matrix equation that can
solved. By least-squares fitting of the experimental data
found that a Young modulus of the order of 1 TPa rep
duces the measured SFM profile reasonable well.29 This
J. Vac. Sci. Technol. B, Vol. 16, No. 5, Sep/Oct 1998
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range is in good accordance with previous experimen
results17,30 and the calculated Young moduli of MWNTs i
the work of Lu.12

In contrast to the rather stiff MWNTs described abov
SWNTs turned out to be highly flexible on a short leng
scale. Figure 5 shows an individual SWNT with a length
about 890 nm. The measured tube height of 1.2 nm is str
evidence for an individual single-walled tube. As appare
from Fig. 5~b!, the tube starts to bend abruptly near the el
trode edges. However, because of the irregular shape o
electrodes it is difficult to determine the distance from t
electrode at which the tube begins to bend. It is roug
estimated to be 20 nm in front of the electrode, which
about one order of magnitude smaller than in the MWN
case of Fig. 3. Other investigated SWNTs crossing electr
lines exhibited a comparably high flexibility.

In Fig. 6, a larger scan of SWNTs~individual tubes and
ropes! deposited on the electrode array is shown. The im

FIG. 6. SFM image of SWNTs~individual and ropes! deposited and flow
oriented on an electrode array~the amplitude image of Tapping Mode i
shown for clarity!. NTs are adsorbed predominately on the left side of
electrode array.
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displays eleven electrode lines surrounded by four la
marker pads in the corners of the image. It is recognized
the NTs are~partially! aligned and adsorbed predominate
on the left side of the electrode array. A similar result w
observed for each of four other electrode arrays on the s
substrate. We explain this observation by a flow effect d
ing the rinse of the substrate after adsorption of
surfactant-stabilized NTs. Presumably the NTs adsorbed
the substrate surface are mobilized upon removal of the
factant and flow against the electrode lines and markers,
of which act as mechanical barrier. This effect might be
ploited for a controlled orientation of NTs on patterned s
faces.

V. CONCLUSIONS

It has been demonstrated by SFM investigations that N
can be reproducibly adsorbed from surfactant-stabilized
persions on chemically modified silicon oxide surfaces
well as on electrode arrays. During this process, effects s
as flow orientation of the tubes which are usually not o
served in deposition techniques like drying of suspension
spin coating can occur. In addition, the SFM measureme
reveal a substantially higher flexibility of SWNTs in com
parison to MWNTs. These results are of importance for
investigation of the relationship between electrical transp
through NTs and their structural and mechanical propert
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27L. P. Biró, S. Lazarescu, P. Lambin, P. A. Thiry, A. Fonseca, J. B.Na

and A. A. Lucas, Phys. Rev. B56, 12490~1997!.
28P. Lambin, V. Meunier, and L. P. Biro´, Carbon~in press!.
29A. Rubio, E. Herna´ndez, J. Muster, G. S. Duesberg, M. Burghard, and

Roth ~unpublished!.
30M. M. J. Treacy, T. W. Ebbesen, and J. M. Gibson, Nature~London! 381,

678 ~1996!.


