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High aspect ratio vertical InAs nanowires were mechanically characterized in a scanning electron

microscope equipped with two micromanipulators. One, equipped with a calibrated atomic force

microscope probe, was used for in-situ static bending of single nanowires along the /11–20S
crystallographic direction. The other one was equipped with a tungsten tip for dynamic resonance

The crystal structure was analyzed using transmission electron microscopy, and for InAs nanowires

with a hexagonal wutzite crystal structure, the bending modulus value was found to BM¼43.5 GPa.

This value is significantly lower than previously reported for both cubic zinc blende InAs bulk crystals

and InAs nanowires. Besides, due to their high resonance quality factor (Q41200), the wurtzite InAs

nanowires are shown to be a promising candidate for sub-femtogram mass detectors.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

There is a long-standing experimental interest in the mechan-
ical properties of one dimensional nanostructures, e.g. nanowires
(NWs), nanotubes, and nanorods (NRs), because of their potential
applications in sensors, actuators, and energy harvesting devices.
However, the experimental results on the basic mechanical
parameters are spreading in a surprisingly broad range. For
instance the Young’s modulus of II–VI semiconductor ZnO NWs
or NRs with wurtzite structure was measured several times by a
number of groups, but a conclusive value is still missing [1–8].
Especially important is the bending modulus (BM; i.e. the Young’s
modulus measured by bending) of cantilever beams in nanoelec-
tromechanical systems. The most common method to determine
the BM is the so called resonance excitation technique which was
firstly demonstrated by Poncharal et al. They electrically induced
oscillations in cantilevered, multiwalled carbon NTs in a trans-
mission electron microscope (TEM) [9]. Manoharan et al. per-
formed static bending experiments inside a scanning electron
microscope (SEM) on individual ZnO NWs which were glued onto
the specimen holder [7]. In this paper we present a combined
in situ method to determine the BM of one dimensional
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cantilevered nanostructures. Although the resonance technique
alone is suitable for BM measurement, we here apply this
technique to validate the results of the static bending test. As
an example we present the examination of high aspect ratio InAs
NWs, however this method is not restricted to special materials.
To our knowledge this is the first report of applying a static
bending test and the resonance technique on the same individual,
cantilevered nanostructures.

InAs is a III–V semiconductor, which has a number of para-
meters, such as direct band gap of 0.36 eV, electron mobility
greater than 20.000 cm2 V�1 s�1 at 300 K, strong spin-orbit
interaction, Schottky-barrier free contacts, and gate tunable
electron density, which makes it a good candidate for future
nanoelectronics [10]. However, the number of reports about the
mechanical observation of InAs cantilevered nanostructures is
very limited. Mariager et al. excited three different acoustic
oscillations of vertical InAs NWs by a femtosecond laser pulse
[11]. Lexholm et al. studied the dynamic behavior of epitaxially
grown InAs NWs with diameters ranging from 40 to 90 nm using
optical stroboscopic imaging. They observed a decrease in Young’s
modulus with smaller diameters [12]. However, the crystal
structure of their NWs was not examined in details, but claimed
to go towards wurtzite for smaller diameters. InAs in bulk form
always shows pure zinc-blende structure, nevertheless wurtzite
InAs was observed for the first time by Koguchi et al. in nano-
whiskers [13]. Caroff et al. showed that the crystal structure of
InAs NWs can be controlled with NW diameter and the growth
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temperature [14]. At small diameters the wurtzite structure is
typical, and as the diameter is increased, mixed phases with
different zinc-blende content or pure cubic structure can be
achieved. By sidewall deposition during growth, Shtrikman et al.
demonstrated a method to obtain thicker NWs with pure wurtzite
crystal structure [15].
2. Experimental

The examined NWs were synthesized by solid source mole-
cular beam epitaxy (MBE) on InAs(111)B substrates in a Varian
GEN II MBE machine. The substrates were degassed at 250 1C for
1 h in a buffer chamber, and at 550 1C for 8 min, with an As
backing pressure, immediately before applying gold. A thin layer
of gold was evaporated at this elevated temperature and then
annealed for 4 min. Hereafter the temperature was lowered to
445 1C, and the growth initialized by opening the In shutter. The
wires were grown for 30 min at this temperature and for another
30 min with a temperature ramp to 455 1C. High flux rates of both
In and As2 was used, with beam equivalent pressures (BEP) of
7.0�10�7 Torr and 1.3�10�5 Torr, respectively, giving a V/III
ratio of 19.

The crystal structure of the obtained nanostructures was
examined by a JEOL JEM-3010 and a Phillips CM20 TEM. The
morphology of the NWs was examined by a Zeiss 1540XB field
emission SEM and the mechanical characterization was composed
of two in situ successive measurements on the individual NWs in
the SEM chamber. At first we carried out a static bending test on a
randomly selected NW by an AFM cantilever mounted on a
nanomanipulator arm (Kleindiek MM3A-EM). A soft silicon
nitride cantilever (Veeco DNP-S20) was chosen to maximize the
sensitivity of the method. Before mounting the nitride chip on the
nanomanipulator arm, the spring constant was calibrated in an
AFM (AIST-NT, SmartSPM 1010) using a reference Si cantilever.
The NW was bent at its free end along the /11�20S crystal-
lographic direction by a lateral load perpendicular to the vertical
axis by moving the sample with the stage towards the AFM tip. In
order to maintain a permanent contact between the tip of the
probe and the sidewall of the NW during manipulation, we etched
an incision by focused ion beam (FIB) at the end of the tip with a
radius of curvature comparable to the cross sectional radius of the
Fig. 1. Schematic of the static bending test on a single InAs nanowire. Snapshots were

deflections (Y and y, respectively) and the vertical position of the applied load (l) (a). The

the latter indicates that the bending load was applied in the /11–20S crystallographi
NW. The schematic of the measurement and a typical SEM image
recorded during the manipulation are shown in Fig. 1a and b,
respectively. The inset of Fig. 1b shows the relative orientation of
the applied bending load and the hexagonal cross section of the
NW. For data acquisition, two snapshots were recorded during the
bending: one in stressed and the other one in relaxed state. By
overlapping the two snapshots, both NW and tip deflections could
be determined (y and Y; Fig. 1a). No plastic deformation was
observed, therefore all deflections measured in this work can be
assumed to be purely elastic.

The second in-situ measurement was carried out on the same
NW immediately after the manipulation with the AFM tip. Here
the electrically induced mechanical resonance of the NW was
studied by positioning the edge of a tungsten tip above the free
end of the NW at a distance of a few hundred nanometers (z). The
tip was mounted on a second nanomanipulator arm. An electric
field is applied between the tip and the NW containing both direct
and alternating components with tunable frequency. The electro-
static force acting between the tip and the NW (Fcap) can be
described by considering the capacitance (C) of the whole tip-NW
system

Fcap ¼
1

2

dC

dz
V2

ð1Þ

where V is the sum of the applied potential and the contact
potential between the tip and the NW (VCPD)

V ¼ ðVDC2VCPDÞþVAC sinð2putÞ ð2Þ

VDC (1.36 V) is the direct part, and VAC (1 V) is the alternating
part of the applied electric field having a frequency of n. If the
applied frequency matches the natural resonance frequency of
the NW, it leads to mechanical oscillation of the NW. Hence by
sweeping the applied frequency the resonance frequency can be
determined. We examined the first harmonic oscillation in
each case.
3. Results and discussion

The SEM study revealed that the NWs are perpendicularly
standing on their substrate (Fig. 2a) and having hexagonal cross
sections which are collectively aligned. According to image
analysis the average length and diameter are 9.673.1 mm and
taken in relaxed and stressed states to determine both cantilever and nanowire

corresponding scanning electron micrograph of the measurement (b). The inset in

c direction.



Fig. 2. Electron microscopy images of InAs nanowires grown by molecular beam epitaxy on an InAs(111)B substrate. Tilted view (451) scanning electron micrograph of

vertical InAs nanowire array (a), high resolution TEM image of individual nanowire indicating that the [0001] direction is parallel to the longitudinal axis (b).

Fig. 3. Selected area electron diffraction patterns revealed during a tilting experiment in the TEM. The SAED in (a) was taken before tilting the NW. It can be indexed by

both the cubic and hexagonal structures depicted by italic and normal characters, respectively. The SAED in (b) was taken after tilting the NW by 301 around its

longitudinal axis. It can be indexed based exclusively on the hexagonal system. This confirms the hexagonal wurtzite structure of the InAs nanowires and rules out cubic

zinc blende stacking.
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93711 nm, respectively. The cross section along the vertical axis
is homogeneous except a thinner, but also homogeneous part at
the top of the NW, which constitutes around 15% of the whole
length. Due to the growth method, a hemispherical gold catalyst
particle remained at the free end of the NWs.

The TEM and selected area electron diffraction (SAED) obser-
vation revealed that the NWs are wurtzite type single crystals of
high quality, where the longitudinal axis is parallel to the [0001]
direction. We examined several NWs, and they exhibited wurtzite
structure along the whole length with only few planar defects,
even at the bottleneck shaped transition between the thinner and
thicker parts of the NWs. Figs. 3a and 2b show the SAED pattern
and the corresponding high resolution TEM image taken from the
middle of the NW. It should be noted that since the SAED patterns
at certain orientations can be indexed considering both cubic and
hexagonal structures, one could confuse zinc-blende and wurtzite
type InAs (both indexing are indicated in Fig. 3a). Therefore, we
have paid attention to tilt the NW in the TEM, starting from the
z¼[10�10] zone axis of hexagonal by 301 around the [0001]
direction (this would correspond to tilting from z¼[�112]
around [111] in the cubic system). The so revealed SAED pattern
shown in Fig. 3b can be indexed only on the base of hexagonal
structure. That excludes cubic zinc blende and confirms that our
InAs NWs are of hexagonal wurtzite type.

We randomly selected five InAs NWs which were standing
near the sample edge and they were mechanically tested using
both static bending and dynamic excitation methods. In Table 1
the obtained NW and cantilever deflection values (y, Y) and the
vertical position of the applied load (l) in the static and the
resonance frequencies in the dynamic experiments (nrez) are listed
with the corresponding geometrical parameters.

A typical resonance curve obtained with NW#2 is plotted in
Fig. 4a. The amplitude values in the frequency range around the
resonance were determined from image snapshots (Fig. 4b and c).
The quality factor of the resonance (Q¼nrez/Dn) is 1260, therefore
the system is considerably underdamped.

The bending modulus of the NWs were at first determined
from the static mechanical test. The magnitude of the bending
load can be calculated by multiplying the AFM cantilever deflec-
tion (Y) and its spring constant (kSiN),

F ¼ kSiNY ð3Þ

kSiN was determined experimentally using a reference cantilever
to avoid the calculations with the geometry and Young’s modulus
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of silicon nitride, which is spreading in a wide range in the
literature. Here the cantilever to be calibrated is used to record a
force curve at the very end of the reference beam as well as on a
hard surface. The slope of the contact portion of the two force
curves (i.e. the deflection sensitivity) can be used to calculate the
spring constant [16]

kSiN ¼ kref

Sref

Shard
�1

� �
ð4Þ

where kref is the spring constant of the reference cantilever, Sref

and Shard are the deflection sensitivities measured on the refer-
ence cantilever and on a hard surface, respectively. We obtained a
spring constant of 2.34�10�2 N/m. Since the bending load was
applied below the thinner top part of the NW in the case of all five
NWs (Fig. 1a), we calculated the BM by solving the static Euler–
Bernoulli equation for a uniform cross section

EBM ¼
Fl3

3yI
ð5Þ

where l is the vertical position of the applied load and I is the
second moment of inertia. I can be calculated by assuming a
hexagonal cross section

I¼
5
ffiffiffi
3
p

a4

16
ð6Þ

where a is the edge of the hexagon. The obtained bending moduli
range from 32 to 67 GPa, as shown in Fig. 5 (blue circles). The
error bars are estimated according to Gauss’s error propagation
law assuming that the uncertainty of the quantities equals twice
the pixel size of the corresponding SEM image. The mean BM, i.e.
Table 1
Geometrical parameters of the examined InAs nanowires: length of the bottom

part (L1), length of the top part (L2), diameter of the bottom part (D1) and diameter

of the top part (D2). Vertical position of the applied load (l), nanowire deflections

(y), the corresponding cantilever deflections (Y), and the resonance frequencies

provided by the resonance excitation technique (nrez). Note that the nanowires are

built up from a thicker lower and a thinner upper segment. The measured

diameter corresponds to the double of the edge of the hexagonal cross section.

NW

#

L1

(mm)

L2

(mm)

D1

(nm)

D2

(nm)

l

(mm)

y

(nm)

Y

(nm)

nrez

(kHz)

#1 7.37 1.20 103 68 4.50 343 71 522.3

#2 7.06 1.01 98 66 4.70 691 85 567.1

#3 6.34 1.12 93 68 5.58 588 40 559.0

#4 6.91 1.04 93 68 5.61 726 89 542.1

#5 4.53 1.16 102 73 3.43 561 285 1138.7

Fig. 4. Resonance excitation of nanowire #2 using alternating electric field. (a) Amplitu

(567.1 kHz) and the two typical SEM images recorded (b) far from the natural resona

quality factor is considerably high (1260).
Young’s modulus in the [0001] direction is 43.5714 GPa,
where7 indicates the standard deviation of the measurements.

The BM of each NW was also determined from the resonance
frequencies. Contrary to the bending experiment, here the
mechanical model with uniform cross section is not adequate,
and the upper thinner part has to be also taken into account. Thus
the finite element method (FEM, Comsol Multiphysics) was used
where the NWs were modeled by considering their real geometry
according to SEM analysis, i.e. the thicker part at the bottom, the
thinner part at the top (Table 1) and the gold catalyst particle at
the very end of the NWs. The bottom of the NWs was anchored in
the model. The optimal mesh density is determined by gradually
increasing the mesh density starting with a coarse mesh. We
continued refining the mesh as long as any increasing in the mesh
density had an impact on the final results. We applied a mass
density of 5480 kg/m3 calculated using the lattice parameters
of wurtzite InAs (a¼4.327 Å and c/a¼1.639) [17]. The BM
was determined by solving an inverse problem, i.e. the
resonance values were calculated by sweeping the young’s
modulus in the model until a good agreement is reached with
the experimental value.

The obtained bending moduli for the resonance experiments
agree well with the values obtained in bending experiment
(Fig. 5) except for NW#4, where the BM from the resonance
excitation technique considerably is out of the error range of the
corresponding static BM.
de resonance measured on the SEM snapshots taken around the natural resonance

nce frequency of the nanowire and (c) at the resonance frequency. Note that the

Fig. 5. (Color online) Bending modulus values of InAs nanowires provided by the

in-situ bending experiment (blue circles with error bar) and the finite element

method (red circles) considering the experimentally obtained resonance frequen-

cies from the resonance excitation method.



R. Erdélyi et al. / Solid State Communications 152 (2012) 1829–1833 1833
However, the degree of this discrepancy is far below the
deviation of Young’s modulus values of other wurtzite, e.g. ZnO
NWs reported in the literature [7]. This indicates that the
resonance technique confirms the results of the static bending
test. Therefore both the bending technique and Young’s modulus
of 43.5 GPa of wurtzite InAs NWs is validated. This value is
significantly lower than Young’s modulus of zinc-blende bulk
InAs in the [111] direction (E111¼97 GPa). Since wurtzite InAs
does not exist in bulk form, there are no experimental data for
Young’s modulus on this. Only theoretical calculations exist, and
they predict no difference in Young’s modulus for wurtzite and
zinc-blende crystals [18].

Part of the deviation from the bulk value of zinc blende
Young’s modulus might be explained by softening at the surfaces
[19]. Also the high quality wurtzite NWs may be the reason for
the decreased bending modulus. Both of these issues are also
addressed and in agreement with data presented by Lexholm
et al. [12]. Park et al. has summarized mechanical properties for
different types of nanowires and concludes that there are a huge
gap between theoretical and experimental values of Young’s
modulus [20].

Besides, it is also seen from the resonance in Fig. 4a that the
high quality wurzite NWs are suitable for ultra sensitive mass
measurement by attaching a small particle to the free end of the
NW and measuring the frequency shift. The calculated sensitivity
of the vibrating cantilever balance at the first harmonic mode can
be estimated by the following equation [3]:

DMp �
6

b 4
1 Q

M0 ð7Þ

where b1¼1.875 is the constant for the first harmonic vibration
and M0 is the mass of the NW. For NW#2 with M0¼1.24 pg, the
lowest estimated mass which can be measured is 0.477 fg.

Although as it turned out the two in situ methods lead to the
very similar result both of them have advantages and disadvan-
tages. While with the resonant excitation only high aspect ratio
NWs can be characterized the static bending technique can be
applied even for low aspect ratio (o20) and rigid NWs and
nanorods. Furthermore the latter method does not depend on the
electrical properties of the NWs to be measured. Moreover, with
the bending technique it is also possible to investigate the change
of the Young modulus along the axis of the NW by taking a series
of bending experiments at different vertical load positions. On the
other hand for homogenous, high aspect ratio NWs the resonant
method can be easier since it is no need to carefully calibrate and
prepare the probe. Moreover, the resonance excitation technique
can provide the quality factor of the oscillating NW system.
4. Summary

In conclusion, we have presented a general combined method
for measuring the bending modulus of individual cantilevered
nanostructures applying two nanomanipulator arms in the SEM.
One is responsible for a static bending test, and the other one is
used to electrically excite mechanical oscillations. The dynamic
experiment validates the result of the static bending test. Up to
our knowledge this is the first time, that the two techniques are
applied on the same individual nanostructures to cross-confirm
the results. Moreover, the mechanical properties of wurtzite InAs
NWs have been characterized by this method. Young’s modulus in
the [0001] direction was measured to be 43.5 GPa, which is
significantly lower, than that of cubic bulk InAs in the [111]
direction. The high resonance quality factor (1260) of the wurtzite
InAs NWs makes the material a promising candidate for sub-
femtogram mass detectors.
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