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At micro- and nanoscales, materials with high Young’s moduli
and low densities are of great interest for high-frequency
micromechanical resonator devices1–8. Incorporating carbon
nanotubes (CNTs), with their unmatched properties, has added
functionality to many man-made composites9–11. We report
on the fabrication of ≤100-nm-thick laminates by sputter-
deposition of aluminium onto a two-dimensional single-walled
CNT network12,13. These nanolaminates—composed of Al, its
native oxide Al2O3 and CNTs—are fashioned, in a scalable
manner, into suspended doubly clamped micromechanical
beams. Dynamic flexural measurements show marked increases
in resonant frequencies for nanolaminates with Al–CNT laminae.
Such increases, further supported by quasi-static flexural
measurements, are partly attributable to enhancements in
elastic properties arising from the addition of CNTs. As a
consequence, these nanolaminate micromechanical resonators
show significant suppression of mechanical nonlinearity and
enhanced strength, both of which are advantageous for practical
applications and analogous to biological nanocomposites,
similarly composed of high-aspect-ratio, mechanically superior
mineral platelets in a soft protein matrix14.

Nanomechanical resonators have potential applications in a
wide range of fields, such as biomolecular recognition15,16, signal
processing17,18 and fundamental research on quantum effects
in macroscopic systems4,19,20. Composites of metallic thin films
and CNTs, with their unmatched mechanical properties, are an
attractive choice for many high-frequency resonator applications
(see Supplementary Information, Fig. S1). Metallic thin films,
with their superior bio-compatibility, conductivity and reflectivity,
are essential in a variety of microelectromechanical systems21.
Their modest elastic properties, however, generally make metallic
thin films ill suited for high-frequency mechanical resonators
(that is, resonant frequency (f0) is related to Young’s modulus
(E) and density (ρ) of the mechanical resonator material by
f0 ∝

√
E/ρ). Although the superior mechanical properties of

CNTs have been well documented, at nanoscales even the
smallest defects are highly detrimental22. In addition, issues
involved in the scalable integration of single-CNT devices further
reduce their practicality12,13. However, nanoscale flaws may be

stabilized by a relatively soft metallic matrix, a lesson learned
from bio-nanocomposites14. This work details the realization and
characterization of such a metal–CNT laminate, which is used to
construct doubly clamped beam microresonators.

Our beam resonator material is laminate composed of
single-walled carbon nanotubes (swCNTs), aluminium and its
native oxide Al2O3. A cross-sectional, high-resolution transmission
electron microscopy (TEM) image of the Al–Al2O3–CNT (AAC)
laminate is shown in Fig. 1a (Al TEM results and energy dispersive
spectroscopy results are given in Supplementary Information,
Fig. S3). To begin, a well-dispersed CNT network, with a mixture
of relatively straight individual CNTs and CNT bundles, is formed
on a GaAs substrate. The substrate’s surface is modified with a
thin layer of Al (10 nm) to facilitate CNT self-assembly. As a
consequence, the CNT network is assembled on an amorphous
Al2O3 layer approximately 5–10 nm thick. Al is then sputter-
deposited on the CNT network forming the AAC laminate. From
atomic force microscopy (AFM) images of the nanolaminate
surface, Al deposition seems to be non-conformal; only the
largest CNT bundles are visible (see Supplementary Information,
Fig. S4). Likewise, TEM images indicate a low degree of porosity,
which is generally unavoidable in filament composites and
known to be detrimental to their mechanical properties. From
these results we conclude that the CNTs minimally affect the
structure and morphology of the overlaying sputter-deposited Al
lamina. Similarly, we have found that the inclusion of CNTs
has minimal effects on the underlying functional advantages of
metallic mechanical resonators—namely reflectivity and resistivity
(see Supplementary Information, Figs S5,S6).

Finally, we pattern the nanolaminate into suspended, doubly
clamped micromechanical beams. The process is outlined in
Fig. 1b–f. In addition, we fabricate Al-only mechanical beams
to qualitatively and quantitatively compare the effects of
incorporating the two-dimensional CNT network. At thin-film
dimensions, even the Al-only beam material must be thought of as
an Al–Al2O3 laminate. Nanolaminate formation and the creation
of doubly clamped mechanical resonators are further detailed in
the Methods section and the Supplementary Information. With
the total thickness of the beams set at 50 and 100 nm along
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Figure 1 Fabrication of AAC laminate micromechanical resonator. a, Cross-sectional TEM image of the nanolaminate. b, Schematic representation of the AAC
nanolaminate doubly-clamped-beam fabrication process: (i) after linker-free assembly of CNTs; (ii) after sputter-deposition and lift-off of Al; (iii) after electrical connection for
dynamic flexural measurements. c, AFM topography image of two-dimensional CNT network corresponding to the surface after step (b-i). d, SEM micrograph of the AAC
surface after step (b-ii). e, SEM micrograph of suspended CNTs, after Al is selectively removed to illustrate that CNTs are incorporated into the beam from a test sample (see
the Supplementary Information). f, SEM image of two AAC nanolaminate doubly clamped beams (50 nm×3 µm×23 and 26 µm); the AAC layer is distinguished by
false colour.

with the effective thickness of CNT network of ∼0.41 nm (see
the Supplementary Information), we estimate the total volume
fraction of CNT to be less than 1% for both (∼0.82% for 50 nm
and ∼0.41% for 100 nm nanolaminates).

Micro- and nanoscale mechanical testing is essentially a
miniaturization of familiar uniaxial tensile-load tests and dynamic
flexural measurements23. With well-known geometry and applied
forces, many of a material’s elastic properties can be surmised from
resonant frequencies (f0) alone, including laminate structures24.
Elastic theory has been found to apply even at near-atomic scales25,
and has been used to describe the mechanical resonances of
high-frequency single-CNT (ref. 3) and atomically thin graphene6

resonators. (Multiscale problems such as energy dissipation,
however, exceed the theory’s scope.) Nevertheless, for a wide range
of submicron-sized suspended beam members, the mechanical
properties of the beam material can be surmised from either
dynamic or static flexural measurements. For an arbitrary
composite, the effective Young’s modulus (E) is bounded by
values for the Voigt and Reuss composites: idealized anisotropic
laminates with loads either parallel to the laminate plane
(Voigt) or perpendicular (Reuss). Specifically, the effective Young’s
modulus of a composite is upper-bounded by the Voigt value,
E = E1V1 +E2V2 (simple rule of mixtures), and lower-bounded by
the Reuss value, 1/E = V1/E1 +V2/E2 (ref. 24).

For dynamic flexural characterization, the beam resonators
are driven electrostatically by a function generator providing a
sinusoidal waveform with d.c. offset VDC and time-dependent
amplitude (1/2)Vpp. The beam resonator response is detected
optically, using a laser vibrometer similar in form to a
Michelson interferometer26 (Fig. 2a,b, also Methods section and
Supplementary Information, Figs S9,S10). For a given geometry,
we consistently find f AAC

0 > f Al
0 (Fig. 2), although statistically the Q

(quality factor) values are nearly the same (QAVE
AAC = 150 ± 30 and

QAVE
Al =145±20). This suggests that extrinsic damping mechanisms

are more important than intrinsic energy dissipation under the

described measurement conditions. In this work, as the total
volume fraction of CNTs is typically less than 1%, we will assume
that the beam resonators have similar thicknesses and densities
(ρAl ≈ 2,700 kg m−3). We apply elastic theory in our analysis,
using the familiar equation of motion for a forced harmonic
resonator (see the Supplementary Information). As there is a large
difference in the thermal expansion coefficients of the Al and the
GaAs substrates, strain-independent stress terms cannot be easily
ignored. With appropriate boundary (and clamping) conditions
for a beam of length L, we express f0, for a thin-film beam with
thickness t and internal stress σint as8

f0 = 1.03(t/L2)
√

E/ρ
√

1+σintL2/3.4Et2. (1)

From the length dependence of the resonant frequency, the
doubly clamped beam geometry can be distinguished from that of
suspended cables when the sag-to-length ratio is much less than one
and when σint � E (that is, like a taut string), as both f0 ∝ L−1.

By comparing differing beam lengths for a given width, we
verify that f0 is highly dependent on L for compositions both
with and without CNTs. For different choices of the total beam
thickness (50 and 100 nm), however, we see different length
dependences. For 100 nm resonators of both compositions, we
find f0 ∝ L−2 for L > ∼25 µm and f0 ∝ L−1 for L < ∼25 µm,
with f AAC

0 > f Al
0 (Fig. 2c). For 50 nm resonators, however, the f0

data can easily be fitted by equation (1) (Fig. 2d,e). The somewhat
inconsistent length dependences observed for 100-nm-thick beam
resonators may be explained by the increase of σint with deposition
time (linear thermal expansion coefficient of Al/GaAs ∼ 4.18),
which results in f0 ∝ L−1. For longer beam structures σint is
relieved and the structure shows anelasticity, being nearly freely
suspended27. For 2- (and 3-) µm-wide, 50-nm-thick beam
resonators, fitting equation (1) to the f0 data (Fig. 2d) produces
the following estimates: E50 nm AAC = 280 ± 51 GPa (226 ± 16 GPa),
E50 nm Al = 127 ± 19 GPa (103 ± 13 GPa), σ50 nm AAC

int = 22 ± 10 MPa
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Figure 2 Dynamic flexural measurements of laminate micromechanical resonators. a, For a given AAC nanolaminate beam resonator (100 nm×3 µm×17 µm), the
photodiode response near the beam centre. The solid line represents a lorentzian function fitted to the data. b, For the same beam resonator, an electrostatic waveform
(f0 = 20.88MHz) is applied during the xy scan (dotted lines approximate the physical beam). c–e, Plots of the resonant frequency (f0) as a function of beam length for Al (red
open circles) and AAC (blue open squares) beam resonators: 100 nm thick, 2 and 3 µm wide (c); 50 nm thick, 2 µm wide (d); 50 nm thick, 3 µm wide (e). c, For L < ∼25 µm
both Al and AAC beam resonators show f0 ∝ L−1, indicative of high σ int, whereas for L > ∼25 µm f0 ∝ L−2. d,e, Fits to equation (1) for 5 µm≤ L≤ 50 µm are indicated by
solid red (Al) and blue (AAC) lines. The inset in d shows log(f0 ) versus log(L2 ) for L < 30 µm, where the dotted black line illustrates a theoretical f0 curve on the basis of a
beam resonator with bulk EAl = 70 GPa and σ int = 18MPa.
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Figure 3 Quasi-static flexural measurements. a, F–d curve for an Al beam (100 nm×3 µm×17 µm). b, F–d curve for an AAC nanolaminate beam
(100 nm×3 µm×22 µm). In a and b, the blue line is for the substrate and the red line is for the mechanical beam. Both downward and upward force scans are conducted,
the two showing similar results. Only the tip-downward scans are shown, however, for clarity, in a,b. c, F–d curve for an Al beam (100 nm×3 µm×22 µm) with
1zpiezo < 2.5 µm, showing beam failure (the sudden change in the orange line; the inset shows an SEM image at one of the beam clamps). d, Typical loading response of an
AAC nanolaminate beam, with the same dimensions and conditions as in c. Both tip-downward (orange) and tip-upward (black) force scan traces are shown in c,d.

(22 ± 3 MPa) and σ50 nm Al
int = 18 ± 4 MPa (14 ± 3 MPa). If

we limit the fits to L < 25 µm data, minimizing anelastic
effects as we did for the 100-nm-thick beam resonators,
we find (Fig. 2e) E50 nm AAC = 228 ± 11 GPa (203 ± 12 GPa),
E50 nm Al = 111 ± 27 GPa (81 ± 11 GPa), σ50 nm AAC

int = 36 ± 3 MPa
(28±3 MPa) and σ50 nm Al

int = 15±2.5 MPa (21±3 MPa).
Qualitatively, the effective Young’s modulus of AAC

nanolaminate is found to be double that of Al, in addition to having
increased σint. Quantitatively, for the Al beam resonators, the fitted
EAl values agree well with the expected values modelled as a Voigt
composite (see the Supplementary Information for more details).
Again, at thin-film dimensions, even the Al beam material must be
thought of as an Al–Al2O3 laminate, and the restoring force is along
the lamina plane. For the fitted EAAC, again using the Voigt model,
approximately one-third of the value cannot be attributed to the
additional Al2O3 (<10 nm) and Al laminae. This suggests a high
E for the Al–CNT lamina. AAC nanolaminate beam resonators
show larger σint, which may be attributed to the presence of the
CNT network. Residual stresses in bulk metal-matrix composites,
as well as stress originating from edge effects in laminates, have
been well documented24. To probe the nature of σint, we used
a focused ion beam to segment the nanolaminate beam near its

centre, effectively creating two ‘cantilevers’. Again, we find the f0 of
AAC nanolaminate ‘cantilevers’ to be much larger than for Al (see
Supplementary Information, Figs S8,S13). This increase cannot be
easily explained in terms of stress28.

Because dynamic flexural measurements to determine E are
susceptible to error when σint is large, we verify E using a quasi-
static flexural measurement of the beam resonator at its centre
(Methods section and Supplementary Information, Fig. S11). For
large deflections, this technique also enables us to qualitatively
compare relative strengths. We use AFM force–deflection (F–d)
measurements, a commonly used technique for measuring the
mechanical properties of nanowires and nanorods29. For beams
ranging from 8 to 22 µm in length, we estimate from quasi-
static flexural measurements that E100 nm AAC = 212 ± 58 GPa and
E100 nm Al =135.88±50 GPa (Fig. 3a,b). These values agree well with
the dynamic flexural measurements, even though the measured
samples have large σint and include a smaller volume fraction
of CNTs.

Although for large displacements any exact analysis of
the measurement is hindered by the nonlinearities of the
AFM cantilever and the beam itself, we are able to produce
an illustrative stress–strain (σ–ε) curve (see Supplementary
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Figure 4 Large-amplitude dynamic-flexural-response measurements. a,b, Dynamic flexural response near the first fundamental mode with VDC = 0 for Al (a, f up-scan
data shown) and AAC-nanolaminate (b, f down scan) beam resonators of equal dimensions (50 nm×3 µm×14 µm). The photodetector (PD) signal versus applied frequency
(f ) data are well fitted by a lorentzian function (solid lines in a and b, offset for clarity), except in the case of the Al beam resonator at high driving amplitudes. Contour plots of
PD signal for Vpp < 20 V are shown on the right, with f0 indicated by a vertical dotted line. c,d, The response plots show the effects of a static load (VDC = 5 V) on the Al beam
(c) and AAC nanolaminate beam (d) resonators. A clear hysteretic behaviour depending on the sweep direction of f is evident for the Al beam resonator (inset of c). Arrows
indicate the f sweep direction in c,d.

Information, Fig. S15). We thus qualitatively compare the yield
strengths of Al and AAC nanolaminate beams derived from very
large deflection measurements. For these measurements we limit
zpiezo to 2.5 µm, which is less than the beam-to-substrate distance.
For a 100-nm-thick Al beam with a width of 3 µm and length
of 22 µm, we notice a discontinuity in the force–deflection curve
(Fig. 3c) corresponding to a beam displacement of ∼202 nm.
A scanning electron microscope (SEM) micrograph confirms
that this observation corresponds to a failure of the Al beam
near one of the beam clamps (Fig. 3c, inset). Under similar
large-deflection conditions, AAC-nanolaminate-beam F–d curves
show only loading effects (Fig. 3d). The increased beam strengths
agree with similar studies of CNTs as toughening agents for
alumina10. Such observations suggest a high level of interaction
between the CNTs and the matrix: the CNT network hinders
propagation of dislocations in the Al–Al2O3 matrix, much like straw
in adobe bricks. In the process of segmenting the AAC beams
by focused ion beam, we see evidence of mechanical keying24

(mechanical bonding) between Al and CNT (see Supplementary
Information, Fig. S8).

We now re-examine the dynamic flexural response of beam
resonators for large-amplitude force terms. For Al beam resonators,
with the applied voltage above a certain Vpp, we see an increase
in the frequency of the ‘resonance’ peak (1f ′

= fmax − f0)
accompanied by an asymmetric response about fmax (Fig. 4a). For
AAC nanolaminate beam resonators experiencing the same applied
voltage, this shift in frequency is suppressed and the response is
symmetric and well fitted by a lorentzian function (Fig. 4b). Such a
difference in behaviour can be explained in terms of a mechanically
nonlinear beam response30 (see the Supplementary Information for
details). In general, the nonlinear spring force can be expressed as
Fk = −k0x − k1x2

− k2x3
+ O(x4), where k0 is the effective linear

spring constant and kn is the nth-order correction. To first order,
k0 ∝ E, and whether the material shows ‘hardening’ (1f ′/f0 > 0) or
‘softening’ (1f ′/f0 < 0) with Vpp depends on the sign of k2 (ref. 30).

As the electrostatic force is geometrically dependent and nearly
equal for the Al and AAC nanolaminate beam resonators, Fk

differs only by the mechanical restoring force. With beam-centre

displacement at resonance expressed as zL/2 = FQ/k, and FQ
being nearly equal for both Al and AAC nanolaminate beam
resonators, the onset of nonlinearity is inversely proportional to
E. Thus, the retarded onset of mechanical nonlinearity in AAC
nanolaminate beam resonators reflects and confirms our previous
flexural measurement results (EAAC > EAl) (that is, because the
AAC nanolaminate beams are stiffer, the higher-order force terms
are suppressed). For static load conditions (non-zero VDC), the
differences between Al and AAC nanolaminate beam resonators are
even more pronounced (Fig. 4c,d); the Al beam resonators clearly
show a bistable frequency response with hysteretic behaviour,
similar to a Duffing oscillator. Onset of such bifurcation ultimately
places an upper limit on the dynamic range of mechanical
resonator sensing devices, although they are rich in physics and
potential applications5,17,18.

For a given geometry, AAC-nanolaminate-beam resonant
frequencies observed surpass those of GaAs, Si and AlN and
approach SiC values (see Supplementary Information, Table S1).
Their collective behaviour is also well described by finite-element
analysis (see Supplementary Information, Table S2). The increased
internal stress and strength suggest a high level of interaction
between the soft Al matrix and the CNT reinforcement, which
are in turn responsible for the increased stiffness (E) and the
retarded onset of mechanical nonlinearity. These high strengths
parallel the properties of bio-nanocomposites, where a soft protein
matrix stabilizes mineral platelets as well as enabling efficient
load transfer14. The scales at which such composite properties
are optimized have already been studied, and with advances in
the self-assembly of CNT and other nanorod structures a similar
optimization of bio-inspired nanolaminates and composites cannot
be far behind.

METHODS

CROSS-SECTIONAL TRANSMISSION ELECTRON MICROSCOPY
High-resolution transmission electron microscopy was carried out using a
JEOL 3000FEG. The composition of each layer in the film was examined by
energy-dispersive spectroscopy in a scanning transmission electron microscopy
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mode using an aberration-corrected JEOL 2100FEG, to have high spatial
resolution (see Supplementary Information, Fig. S3). The cross-sectional
samples for TEM measurements were prepared by wedge polishing, followed by
a few minutes of ion milling.

FABRICATION OF NANOLAMINATE MICROMECHANICAL BEAMS
Our doubly clamped beam resonators (50–100 nm thick×2–3 µm wide×

5–50 µm long) are formed by sputter-depositing an Al thin film onto an swCNT
network12,13, with the volume of absorbed swCNTs per unit area expressed as an
effective thickness of ∼0.41 nm (see Supplementary Information, Fig. S4). The
AAC laminate lies on a GaAs substrate, which is selectively etched. The GaAs
surface is first modified with a thin layer of Al (10 nm). This layer promotes
the assembly of swCNTs with lengths ranging from 2 to 3 µm, forming a
random, nearly two-dimensional network (Fig. 1c). After formation of the
CNT network, we pattern doubly clamped beams using standard e-beam
lithography techniques followed by sputter-deposition of Al and subsequent
lift-off (Fig. 1d,e). Any remaining CNTs are removed by reactive ion etching,
with the patterned beams serving as a self-aligning etch mask. After the
beams are released, the samples undergo a critical-point drying technique
(Fig. 1f). Finally, a 5 nm Al bottom counter-electrode layer is deposited. Al
beam resonators are also fabricated without CNT assembly, to quantitatively
and qualitatively compare the effects of CNT incorporation. Specific details,
including the sputter-deposition of Al, self-assembly of CNT network and
patterning/release of doubly clamped mechanical beams, can be found in the
Supplementary Information.

DYNAMIC FLEXURAL MEASUREMENTS
These measurements (see Supplementary Information, Figs S9,S10) are
conducted at room temperature in a moderate vacuum (∼100 Pa). The full
spectral response (from 100 kHz to 80 MHz) reflects the flexural response
of the beam resonator at its fundamental mode and higher harmonics, as
well as that of overhangs near the beam clamps due to undercut etching
(<2 µm). The mechanical beam is actuated by applying a constant-frequency
alternating voltage signal (Agilent 33250A) between the doubly clamped
beam and the substrate. Such small displacements can be observed by optical
interferometry, where the resonator surface serves as a mirror. The other legs of
the interferometer include a fixed mirror, whose initial position can be varied
by a piezo-actuator with near-nanometre resolution, a 10 mW HeNe laser
(JDS-Uniphase, 633 nm), whose effective intensity is attenuated by optical filters
and focused to a <2 µm diameter spot by a long-working -distance objective
lens, and a high-bandwidth photodetector (Newfocus model 1601-FS-AC),
which is read by a radio-frequency lock-in amplifier (Stanford Research
System SR844).

AFM FORCE–DEFLECTION MEASUREMENTS
Force–deflection measurements (see Supplementary Information, Figs S11,S12)
are conducted on an ASYLUM Research MFP-3D Bio atomic force microscope
with an Olympus 240 TS cantilever tip. First, using non-contact mode, an AFM
image of the beam structure is obtained. The tip is then moved to the calculated
centre of the beam, after which force–deflection (F–d) measurements on the
beam are obtained. The tip is moved with a velocity of 1 µm s−1, but note
that we found the results to be independent of tip velocity. The cantilever is
calibrated in a similar manner on the surface of the substrate.

Received 31 October 2007; accepted 19 March 2008; published 20 April 2008.
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