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Measurement of elastic modulus of nanotubes by resonant contact atomic
force microscopy
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A resonant contact atomic force microscopy technique is used to quantitatively measure the elastic
modulus of polymer nanotubes. An oscillating electric field is applied between the sample holder
and the microscope head to excite the oscillation of the cantilever in contact with nanotubes. The
nanotubes are suspended over the pores of a membrane. The measured resonance frequency of this
system, a cantilever with the tip in contact with a nanotube, is shifted to higher values with respect
to the resonance frequency of the free cantilever. It is experimentally demonstrated that the system
can simply be modeled by a cantilever with the tip in contact with two springs. The measurement
of the frequency shift thus enables the direct determination of the spring stiffness, i.e., the nanotube
stiffness. The method also enables the determination of the boundary conditions of the nanotube on
the membrane. The tensile elastic modulus is then simply determined using the classical theory of
beam deflection. The obtained results fairly agree to previously measured values using nanoscopic
three points bending tests. It is demonstrated that resonant contact atomic force microscopy allows
us to quantitatively measure the mechanical properties of nanomaterials. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1565675#
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I. INTRODUCTION

The developments of scanning probe microscopies
lowed the emergence of powerful means for material pr
erty characterization at the micro- and nanoscale. These
croscopies are particularly well suited for the study
nanometer-sized objects. Especially, atomic force micr
copy ~AFM! is widely used to study material mechanic
properties.1,2 The measurement of approach-retraction cur
~force curves! allows in some cases to obtain quantitati
value of surface elastic modulus. However, due to geome
cal constraints in AFM, pure normal solicitation of the co
tact is not possible and shear deformation or tip sliding m
interfere in the measurements.3 Dynamic methods such a
tapping mode~TM! or force modulation allow the mappin
of the mechanical properties of samples with a high reso
tion but they also present drawbacks and limitations. Non
ear behaviors in TM complicate the analysis of the data
terms of quantitative surface mechanical properties.4 More-
over, in TM, the cantilever support is excited by a piezoel
tric bimorph located in the cantilever support. Therefore, m
chanical couplings lead to noisy resonance spectra of
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cantilever with peak deformations and/or additional paras
peaks. Indirect force modulation, generally realized
modulating either the height of the sample or that of t
cantilever holder, induces shear stress of the contact du
the AFM configuration. Friction properties are thus mixed
the data leading to possible artifacts and make it difficult
realize true elastic imaging of surfaces.3,5 Direct force modu-
lation was obtained using a magnetic force that create
harmonic modulation of the cantilever. The magnetic meth
avoids shear stress of the contact but has the drawbac
necessitate the modification of the cantilever by stick
magnetic particles or evaporating magnetic coating on it.5,6

In this article, we used a method allowing the excitati
of the cantilever vibration that avoids both the use of a tra
ducer and cantilever modifications.7 An alternative external
electric field is applied between the sample holder and
microscope head and induces the cantilever vibration du
the polarization forces acting on the tip. By varying the i
tensity and the frequency of the electric field, it is possible
completely characterize the resonance spectrum of can
vers while the tip contacts the sample surface or not. T
obtained resonance spectra are much cleaner than thos
tained by mechanical excitation. When the tip contacts
sample, the resonance frequencies of the cantilever-sam
system shift to higher values relative to the resonance
il:
0 © 2003 American Institute of Physics
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quencies of the free cantilever. Under certain conditions,
measurement of this frequency shift enables the determ
tion of the stiffness of the ‘‘tip-sample’’ contact. It may po
tentially be used to measure the Young’s modulus of
samples when a contact mechanics model is assumed.8–12

In the present study, this method was used to mea
the mechanical properties of polymer nanotubes. Indeed,
terials with reduced dimensions and dimensionality@two-
dimensional~2D!, 1D, and 0D materials# such as thin films,
nanowires, nanotubes, or metallic clusters may present
ceptional properties compared to those of the correspon
bulk materials ~3D materials!. Thanks to their particular
physical properties, these materials give rise to a large in
est. We show here that the electrostatic resonant con
AFM method enables the characterization of these nano
chanical systems and the precise measurement of their te
elastic modulus. In the particular case of suspended na
tubes, it is shown here that the cantilever in contact wit
nanotube can be modeled by a cantilever having its tip
contact with two springs. The interpretation of the expe
mental data does not rely on any assumption concerning
mechanics of the contact.

II. EXPERIMENT

Nanotubes were synthesized using a recently develo
template-based method that uses the pores of polycarbo
track-etched membranes as ‘‘nanoreactors.’’13,14 Nanotubes
of a conductive polymers~polypyrrole, PPy! were electro-
chemically synthesized within the pores of 20mm thick
polycarbonate~PC! membranes. The template membran
had a pore density of 109 cm22. In order to obtain nanoma
terials with different outer diameters, membranes with p
size ranging between 30 and 250 nm were used.

After synthesis, the membrane was slowly dissolved
immersion in a dichloromethane solution containing dode
sulfate as the surfactant.15 The role of the surfactant is to
protect the nanotubes during the membrane dissolution
to prevent nanotube aggregation. To detach the nanot
from the gold film previously evaporated on the backside
the template membrane, the suspension was placed i
ultrasonic bath during one hour. The suspensions were
filtered through poly~ethylene terephthalate! ~PET! mem-
branes with pore diameters ranging between 0.8 and 3mm.
This filtration enabled the dispersion of the nanostructures
these membranes that served afterward as supports fo
AFM measurements. In order to remove any contamin
from the nanotube surface, particularly traces of PC,
samples were thoroughly rinsed with dichlorometha
These nanotubes are hollow and their inner diameter
estimated using a previously established calibration cu
relating the outer and the inner diameters.16 The elastic
modulus of the nanotubes was already measured by a n
scopic three points bending test.16

The pore diameter of the PET membrane was chose
order to minimize shear deformations. Indeed, in bend
tests, beam deflection induces both tensile/compressive
formations and shear deformations. To obtain the ten
modulus from the measured parameters in these tests,
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necessary to minimize shear deformations. Imposing g
metrical conditions to the tested system enabled us
achieve this objective. The shear contribution can be
glected when the ratio between the suspended length of
beam and its outer diameterdout is higher than 16.17 Under
these conditions, it is possible to consider that only ten
and compressive deformations are present. To achieve
each series of nanotubes synthesized in a template memb
with a specific pore diameter was dispersed on a PET m
brane with a corresponding pore diameter satisfying this
terion. Therefore, the shear contribution could be conside
as negligible for all the probed nanotubes.

All the AFM experiments were performed with a
Autoprobe® CP microscope~Thermomicroscopes! operated
in air with a 100mm scanner equipped with ScanMaste®

detectors correcting for drift, nonlinearity, and hysteresis
fects. The cantilevers were standard Si3N4 Microlevers™
with integrated pyramidal tips~typical apex radius of curva
ture between 30 and 50 nm!. The spring constant of eac
cantilever was calibrated by deflecting it against a refere
cantilever of known spring constant.18 Values ranging be-
tween 0.3 and 0.5 N m21 were obtained for all the cantile
vers used in the experiments. Geometrical characterizatio
the cantilever was realized by high-resolution scanning e
tron microscopy. Obtained data were used for the descrip
of the dynamical behavior of the cantilever using t
Rayleigh-Ritz approximation.19,20 The physical properties o
the cantilever material~i.e., its elastic modulus and its den
sity! were deduced from the free experimental resonance
quency of the cantilever. The modulated electric field w
applied between the sample holder and the AFM head u
a function generator~Agilent Technologies, model 33120A!.
In order to avoid tip displacement on the sample surface
to keep the resonance peak symmetrical, resonance sp
were recorded without polarization offset and with a sm
excitation amplitude.7,21 The cantilever deflection signal wa
measured using a lock-in amplifier~EG&G Princeton Ap-
plied Research, model S302!. The signal generator comman
and the data collection from the lock-in were computeriz
and data analysis was realized using routines developed
der Igor Pro software~Wavemetrics!.

After dispersion of the nanotubes on a PET membra
large-scale images~typically up to 80380 mm2) were first
acquired in order to select nanomaterials suspended
pores that could be used to measure their mechanical p
erties @Fig. 1~a!#. Once a suspended nanostructure was
cated, an image of it at a lower scale~down to 131 mm2)
was then realized to precisely determine its dimensions,
its suspended lengthL and its outer diameterdout @Fig. 1~b!#.
The outer diameter is determined by the measurement o
height with respect to the supporting membrane to avoid
artifacts.

III. RESULTS AND DISCUSSION

After selection of a nanostructure, the AFM tip was l
cated at the midpoint along its suspended length and
resonance spectrum of the cantilever in contact with
nanostructure was measured. In Fig. 2, a typical spect
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 1. ~a! Large-scale image showing PPy nanotubes dispersed on a PET membrane with some of them crossing pores~white circles!. ~b! Small-scale image
of a 90 nm thick PPy nanotube crossing a pore.
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obtained on a PPy nanotube is presented and compared t
first resonance peak of the free cantilever. As expected,
first resonance frequency of the cantilever in contact with
nanostructure is higher than the corresponding free re
nance frequency. The frequency shift reflects the dynam
behavior of the structure probed by the tip. The complian
of the cantilever-nanotube system may,a priori, be related to
the deformation of the nanotube itself and/or to the con
compliance. Moreover, the inertial contribution of the nan
tube may influence the system behavior. Hereafter, a des
tion of the mechanical behavior of the system will be deriv
from the experimental results. Then, the elastic modulus
the nanotubes will be deduced.

On the spectrum of the cantilever in contact with a na
tube, three peaks are observed. Two of them correspon
flexural cantilever vibrations (F1 ,F2) and the third one is
due to torsional vibrations (T1). These assignments wer
realized by considering the relative amplitude of the re
nance peaks, respectively, on the vertical and on the la
signals on the position-sensitive photodiodes. Couplings
the horizontal and vertical detection systems are proba
responsible for this signal mixing.

FIG. 2. Typical resonance spectrum measured for a cantilever in co
with a nanotube~logarithmic ordinate axis!. Three peaks are observed, tw
of them corresponding to flexural cantilever vibrations (F1 ,F2) and the
third one being due to torsional vibrations (T1). In the inset, the resonanc
peak of the free cantilever is given for comparison.
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In order to properly describe the mechanical behavior
the cantilever-nanotube system, the relation between the
quencies corresponding to the first two flexural vibrati
modes was analyzed and is presented in Fig. 3. In this fig
the experimental points correspond to the resonance freq
cies measured on several nanotubes with different diame
and suspended lengths, i.e., tubes with different stiffnes
The solid curve is the calculated relation between the fi
two flexural frequencies of the triangular Si3N4 cantilever in
contact with two springs at the tip position~Fig. 4!. These
two springs represent the vertical and lateral stiffness a
ciated with the deformation of the nanotube in both dire
tions. Indeed, the tilt of the cantilever may cause deform
tions, which are not normal to the sample surface.12,21,22The
amplitude of the lateral deformation of the nanotube depe
on its orientation relative to the cantilever axis. Howev
numerical calculation indicates that this lateral contributi
to the resonance frequency is negligible for the present
perimental conditions~nanotube and cantilever stiffnesses!.
This angular contribution should however be conside
since it would not be negligible when much softer cantilev
or stiffer nanotube are used. Both springs are assume
have the same stiffness since the nanotubes are expect
have isotropic properties perpendicular to their axis. T

ct

FIG. 3. Relationship between the resonance frequencies of the first
flexural vibration modes of a triangular-shaped cantilever in contact w
nanotubes.m: experimental points, solid line: theoretical curve.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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curve presented in Fig. 4 does not contain any adjusta
parameter but is only governed by the geometrical dim
sions of the cantilever. The good agreement observed
the experimental data confirms that the nanotubes actu
behave as springs. It also indicates that the probed stiffn
and that of the cantilever are within the same order of m
nitude, otherwise a much smaller frequency shift would
measured for different nanotubes. Such behavior could
anticipated since previous measurements showed that
tensile modulus of the PPy nanotubes was always hig
than 1 GPa.16 Therefore, the tip-nanotube contact stiffness
always much higher than the characteristic stiffness of
nanotubesEI/L3, whereE is their Young’s modulus,I their
inertia momentum, andL their suspended length. The tip
sample contact deformation is then negligible in compari
to the overall nanotube deflection. No assumptions on
contact mechanics are thus necessary to interpret the ex
mental data. Moreover, the natural resonance frequenc
the nanotubes is always much higher than that of the ca
lever. Their inertia can thus be neglected. Thus, the s
pended nanotubes can be modeled as simple springs in
experiments.

In order to deduce the elastic modulus of the nanotu
from the measured stiffness, it is however necessary to
scribe the boundary conditions of the suspended be
~clamping conditions!. In a previous study of these nano
tubes, the clamped conditions were assumed.16 Many images
were recorded with various angles between the nanotube
and the fast scan direction as well as between the nano
axis and the cantilever long axis due to the random disp
sion of the tubes on the PET membranes. No nanotube
ever displaced during these experiments. AFM images w
also recorded with stiffer cantilevers and, even in this ca
no displacement was observed for the nanotube portio
contact with the membrane. The nanotube adhesion on
membrane seemed thus to be sufficiently high to prevent
lift-off during the bending test. This justified the use of th
clamped-beam model to calculate the elastic modulus.

A further confirmation of this description can be foun
by analyzing the resonance frequency of the cantileve
contact with a nanotube at different relative locations (x/L)
of the tip along the suspended length~L! of a given tube. In
Fig. 5, experimental frequencies are plotted together with
expected distribution for the cantilever with the tip conta
ing a beam with free and clamped ends on the substra23

The frequencies are calculated using the Rayleigh–R
method from the following relations, which respectively d

FIG. 4. Schematic representation of a cantilever resting on a suspe
nanotube and of the equivalent mechanical model.
Downloaded 22 Apr 2003 to 130.104.216.7. Redistribution subject to A
le
-

th
lly
ss
-

e
e
he
er
s
e

n
e
ri-

of
ti-
s-
ese

s
e-
s

xis
be
r-
as
re
e,
in
he
ny

in

e
-
.
tz
-

scribe the stiffness distribution for contact on a beam w
free ~1! and clamped ends~2! on the substrate:
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ks
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L D 2
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x
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. ~2!

In these relations, a finite stiffnessks is assumed for the
tube-on-substrate contact so that the predicted frequenc
the tube ends corresponds to the frequency measured o
nanotube lying on the membrane. In the same way, for b
models, the characteristic stiffness of the nanotube is cho
in order to fit the measured frequency at the middle of
suspended length. Clearly, the experimental distribution
frequencies presented in Fig. 5 does not follow that expec
for a free-ends beam. This is essentially revealed by the
vature of the curves close to the beam edges. For the repo
experiments, the nanotube can thus be described a
clamped-ends beam resting on a compliant substrate. C
to the center of the suspended length, the calculation h
ever shows that the compliance of the system is ma
dominated by that of the nanotube. The effect of the l
compliance of the substrate can thus be neglected.

The resonance frequency on each tube was measur
the midpoint of the suspended length on a series of P
nanotubes with the outer diameter ranging from 30
250 nm. From this frequency, the nanotube stiffness was
rived and the elastic modulus was determined using the c
sical formula of beam deflection.23

In Fig. 6, the values of the elastic modulus simult
neously determined by a three points bending test16 and reso-
nance frequencies measurement are reported as a functi
the outer diameter. The values of the elastic modulus
tained using the electrostatic resonant AFM method ag
very well with the previously measured values. The elas
modulus is seen to increase rapidly when the diameter
creases. Moreover, the obtained values of the elastic mod

ed

FIG. 5. Variation of the resonance frequency of a cantilever in contact w
a tube along the tube suspended length.m: experimental points symmetri-
cally duplicated with respect to the middle of the suspension length; do
line: expected variation for a free-ends tube; solid line: expected varia
for a clamped-ends tube.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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measured for nanotubes having an outer diameter higher
100 nm is comparable to the values measured on polypyr
films.24,25

These results confirm the ability of resonant cont
AFM with electrostatic modulation to precisely measure
mechanical properties of nanomaterials such as nanotube
comparison to force-curve measurements, this method
sents the advantage that the conversion of the resonanc
quency into material stiffness is straightforward while forc
curves analysis necessitates a longer data treatment to o
the stiffness. Moreover, it does not have the disadvantage
force-curve method, i.e., the fact that the load is not perfe
applied perpendicular to the sample surface that can lea
contact shearing stress or to tip slipping. It is also wo
noting that this method not only enables us to measure
elastic modulus but also to fully characterize the nanom
chanical system, i.e., the mechanical model and the na
structure boundary conditions.

IV. CONCLUSION

In conclusion, a method based on the measuremen
resonance frequencies of cantilevers in contact with na
tubes was used to measure the mechanical properties o
nomaterials. The resonance frequency is measured by m
lating the cantilever deflection with an oscillating elect
field applied between the sample holder and the AFM he

This method allows for the complete description of t
physical configuration and the mechanical characteristic
the system ‘‘cantilever in contact with a nanotube.’’ The fr
quency behavior of the nanomechanical system can be a
rately modeled by a cantilever with the tip in contact w
two springs. The nanostructure stiffness can thus be ea
determined from the resonance frequency measuremen
ing this simple model. The method also enables the dete
nation of the boundary conditions of the nanotubes. In t
case, clamped conditions were experimentally observ
With these data, the tensile elastic modulus can be calcul
using the classical theory of beam deflection.

The method was applied to measure the elastic mod
of polymer nanotubes with their outer diameter ranging fr

FIG. 6. Variation of the elastic modulus of polypyrrole nanotubes a
function of their outer diameter. The values obtained with the electros
modulation method~m! are compared to those obtained with force-curv
measurements~s!.
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30 to 250 nm. The measured values and behaviors ar
good agreement with those obtained in a previous study
alized on the same suspended polymer nanotubes. Thes
sults confirm the ability of resonant contact AFM with ele
trostatic modulation to precisely characterize the ela
properties of nanotubes without the drawbacks of ot
methods such as force curves or force modulation. T
method is easy to implement on most AFM instruments a
the high accuracy associated with frequency measurem
makes it a valuable tool for many mechanical analyses
nanostructures.
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versitéBordeaux I! and Professor D. Johnson~MECA, UCL!
for fruitful discussions. S.C. is financially supported by t
Special Fund for Research~F.S.R.! of the Universite´
catholique de Louvain~UCL!. B.N. and S.D.C. are Researc
Associates of the Belgian National Funds for Scientific R
search~F.N.R.S.!. The authors also thank the Belgian Fun
for Collective Fundamental Research~F.R.F.C.! and the In-
teruniversity Attraction Poles Program—Belgian State
Federal Office for Scientific, Technical and Cultural Affai
~IUAP-V/03! for financial support.

1F. Oulevey, G. Gremaud, A. Se´moroz, A. J. Kulik, N. A. Burnham, E.
Dupas, and D. Gourdon, Rev. Sci. Instrum.69, 2085~1998!; C. Basire and
C. Frétigny, Eur. Phys. J.: Appl. Phys.6, 323 ~1999!; J.-P. Salvetat, J. M.
Bonard, N. H. Thomson, A. J. Kulik, L. Forro, W. Benoit, and L. Zup
piroli, Appl. Phys. A: Mater. Sci. Process.69, 255~1999!; F. Dinelli, S. K.
Biswas, G. A. D. Briggs, and O. V. Kolosov, Phys. Rev. B61,
13 995~2000!.

2J. P. Salvetat, J. M. Bonard, N. H. Thomson, A. J. Kulik, L. Forro, W
Benoit, and L. Zuppiroli, Appl. Phys. A: Mater. Sci. Process.69, 255
~1999!.

3S. A. Syed Asif, R. J. Colton, and K. J. Wahl, inInterfacial Properties on
the Submicrometer Scale, ACS Symposium Series 781, J. Frommer and
M. Overney editors,~ACS, Washington, 2001!, pp. 198–215.

4L. Nony, R. Boisgard, and J. P. Aime´, J. Chem. Phys.111, 1615~1999!; S.
L. Lee, S. W. Howell, A. Rau`an, and R. Reifenberger, Phys. Rev. B66,
115 409~2002!.

5P. E. Mazeran and J. L. Loubet, Tribol. Lett.3, 125 ~1997!.
6S. P. Jarvis, A. Oral, T. P. Weilhs, and J. B. Pethica, Rev. Sci. Instrum.84,
3515 ~1993!.

7C. Frétigny ~unpublished!.
8U. Rabe, S. Amelio, E. Kester, V. Scherer, S. Hirsekorn, and W. Arno
Ultrasonics38, 430 ~2000!.

9K. Yamanaka and S. Nakano, Appl. Phys. A: Mater. Sci. Process.66, S313
~1998!.

10K. Yamanaka, H. Ogiso, and O. Kolosov, Appl. Phys. Lett.64, 178~1994!.
11K. Yamanaka, A. Noguchi, T. Tsuji, T. Koike, and T. Goto, Surf. Interfa

Anal. 27, 600 ~1999!.
12J. A. Turner and J. Wiehn, Nanotechnology12, 322 ~2001!.
13S. Demoustier-Champagne, E. Ferain, R. Legras, C. Je´rôme, and R. Je´r-
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