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Abstract—A technique for determining Young’s modulus of oriented nanowhiskers using atomic force
microscopy is developed. Results of studying the effect of geometric parameters on Young’s modulus of ori-
ented gallium arsenide nanowhiskers are presented. Young’s modulus value has been found experimentally
for the GaAs nanowhiskers, which varied from 9 to 143 GPa depending on their aspect ratio. It is shown that
Young’s modulus of the GaAs nanowhiskers depends on their aspect ratio and can exceed Young’s modulus
of the bulk GaAs. The results can be used in the development of technological processes for forming struc-
tures of the nano- and microsystem hardware and the nano- and microelectronics based on oriented nano-
whiskers, in particular arsenide gallium nanowhiskers, as well as in the development of techniques for the

nanodiagnostics of filamentary structures.
DOI: 10.1134/51995078013010023

INTRODUCTION

Now one of basic tendencies in the development of
contemporary machinery and technology is the min-
iaturization of functional devices and the development
of instruments based on new materials [1]. Semicon-
ductor nanowhiskers are promising material for creat-
ing new instruments and devices of micro- and nano-
electronics and micro- and nanosystem hardware
(CMOS schemes, sensors, field emitters, probes for
atomic force microscopy (AFM), etc.) [2, 3].

Nanowhisker-based instruments often function
under conditions of high local loads and bending
deformations, evoking increased interest in studying
the mechanical properties of such structures and their
dependence on geometric parameters. It is assumed
that reducing single-crystal sizes will lead to a substan-
tial increase in their strength and elasticity [4, 5].
However, experimental investigations into the depen-
dence of the mechanical properties of nanowhiskers
on their geometric parameters yield contradictory
results [5—7]. For example, in [5], growth in the
Young’s modulus value of a GaAs nanowhisker was
observed from 118 to 183 GPa with a reduction in its
diameter from 150 to 55 nm, while this dependence
was not revealed in [6]; moreover, a measured Young’s
modulus value for the GaAs nanowhisker of 42 + 5 GPa
was considerably less than the Young’s modulus of the
bulk GaAs. An inverse trend was observed for SnO,
nanowhiskers: Young’s modulus reduced with a
decrease in the nanowhisker diameter [7]. Thus,
studying the effect of geometric parameters of GaAs
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nanowhiskers on their mechanical properties is an
urgent problem.

One of the promising methods for studying nano-
whiskers is AFM. This method makes it possible not
only to determine geometric parameters, but also to
investigate mechanical, electrical, and other proper-
ties of the samples without special sample preparation,
which enables the complex study of properties of an
individual nanowhisker in the course of a single exper-
iment and is an important advantage in studying the
effect of geometric parameters of GaAs nanowhiskers
on their Young’s modulus.

The objectives of this work are nanowhisker
research using AFM, the development of a technique
for determining Young’s modulus of oriented GaAs
nanowhiskers by AFM, and an investigation into the
effect of geometric parameters of GaAs nanowhiskers
on their Young’s modulus.

EXPERIMENTAL PROCEDURE

An experimental sample with arsenide gallium
nanowhiskers oriented towards the substrate surface
was produced using the molecular-beam epitaxy at the
NANOFAB NTK-9 nanotechnological complex
(NT-MDT, Russia) [8—10]. The (100) GaAs plate was
used as a substrate. The GaAs nanowhiskers grew
along the [111] crystallographic directions towards the
most packing density of the sphalerite-type lattice
[11].

A preliminary estimation of the geometric parame-
ters of the sample was performed based on an analysis



24 AGEEV et al.

Fig. 1. SEM images of the experimental sample of gallium
arsenide nanowhiskers: (a) view at an angle of 52°; (b) top
view.

of the research results obtained using the Nova Nano-
Lab 600 scanning electron microscope (SEM)
(FEI Co., the Netherlands). Figure 1 presents the
SEM images, an analysis of which has demonstrated
that there are GaAs nanowhiskers on the sample sur-
face which have a length of 1.2 to 6 um, a diameter of
100 to 200 nm, and an angle of inclination with respect
to the substrate from 30 to 50° depending on the nano-
whisker length. The angle of nanowhisker inclination
was measured using the application software package
supplied together with the Nova NanolLab 600 SEM
taking into account the geometry of the sample and
detector layout. Since the geometric parameters of the
nanowhisker array are inhomogeneous and the SEM
method does not make it possible to determine the
geometric parameters and the Young’s modulus of a
nanowhisker during a single experiment without an
additional apparatus, the geometric parameters of the
sample were also investigated by AFM.

NANOTECHNOLOGIES IN RUSSIA  Vol. 8

The geometric parameters (length and diameter) of
nanowhiskers, as well as the angle of inclination of an
individual GaAs nanowhisker with respect to the sub-
strate, were measured using AFM at the Ntegra probe
nanolaboratory (PNL) [10]. The measuring results are
presented in the table. Initially, the geometric param-
eters of GaAs nanowhiskers were investigated in the
AFM semicontact mode. However, during the scan-
ning, significant distortions of geometric parameters
of nanowhiskers were detected which were probably
connected with the oscillations of nanowhiskers due to
their interaction with the vibrating cantilever; this
effect was also observed in [12]. In this case, the GaAs
nanowhisker diameter determined in the AFM semi-
contact mode exceeded five- to tenfold the nanocrys-
tal diameter defined from the SEM data. This trend
was observed while using both the NSG 20 cantilever
[10] with an aspect ratio of 3 : 1 (Fig. 2a) and the
HA NC dedicated whisker cantilever [10] with an
aspect ratio of 5 : 1 (Fig. 2b).

To minimize the interaction between the cantilever
and the GaAs nanowhiskers during scanning, the
AFM contactless mode was used, which made it pos-
sible to determine the length and diameter of nano-
whiskers (Fig. 2¢) without a distortion of their size and
with a high resolution. The NSG 20 silicon cantilever
was applied as a probe.

The mechanical parameters of GaAs nanowhiskers
were determined at the Ntegra PNL using AFM force
spectroscopy, in which the dependence of the cantile-
ver bend value (DFL signal) on the degree of protru-
sion of the scanner’s z-piezo tube (Height signal) was
taken during the direct and inverse strokes of the can-
tilever. The resulting dependences make it possible,
taking into account the cantilever stiffness &, to calcu-
late a force acting on the nanowhisker at the given
point F' = kAHeight, and the deflection of the GaAs
nanowhisker under effect of this force will be equal to
the AFM probe bend and to the appropriate change in
the Height signal.

To calculate the Young’s modulus and the bending
stiffness of nanowhiskers, a technique based on the
beam theory has been developed according to which a
nanowhisker is regarded as a flexible beam with a
length L and an effective bending stiffness (£/).y, the
deflection of which under the effect of an external
force F can be calculated as [13]

w-L(e&D_p) k— PREDG ()

where T is the external force component acting per-
pendicular to the nanowhisker axis; P is the external
force component acting parallel to the nanowhisker
axis. The external force component 7, applied to the
nanowhisker, evokes its deflection from the equilib-
rium state, while the external force component P
causes the probe sliding over the nanowhisker surface.
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Geometric and mechanical parameters of GaAs nanowhiskers obtained using atomic force microscopy
Length of |Diameterof . Angle of | Deflection Bending stiff- Young’s
No. of Aspect ratio . modulus of
GaAs nano- | GaAs nano- nanowhisker| of GaAs Force ness of GaAs
GaAs nano- ] \ of GaAs o . - GaAs nano-
. whisker whisker - inclinaton |nanowhisker| F, uN |nanowhiskers .
whisker nanowhisker 5| whisker
L, nm D, nm 0, deg w, nm (ED e, Nnm E. GP
, GPa
1 6218 233 26.69 27.21 105 5.04 900.43 137.37
2 3050 175 17.43 27.66 101 4.85 117.85 86.52
3 1406 135 10.42 32.24 85 4.08 15.63 54.22
4 1641 166 9.88 28.42 104 4.99 19.91 31.84
5 2173 156 13.93 28.89 116 5.57 47.6 69.24
6 3647 196 18.61 30.63 105 5.04 246.7 107.8
7 3072 176 17.45 27.47 114 5.47 118.67 85.03
8 2728 156 17.48 26.10 103 4.94 72.02 83.45
9 1232 216 5.71 29.62 71 3.41 9.14 8.84
10 1596 177 9.02 32.73 57 2.74 22.91 31.07
11 1390 216 6.43 34.33 78 3.74 16.28 13.95
12 1947 157 12.4 28.27 54 2.6 32.15 51.20

Taking into account the angle of inclination of the
GaAs nanowhisker with respect to the substrate sur-
face 0 and the angle of tilt of the cantilever holder,
which is 20° in the given AFM design, the components
of the external force are (Fig. 3) as follows:

T = Fcos(6 — 20°),
P = Fsin(6 — 20°).

Calculating the value of bending stiffness (E7).x
based on Eq. (1) and assuming the moment of inertia
of the nanowhisker to be equal to the moment of iner-
tia of a rectangle with respect to the axis perpendicular

to the nanocrystal deflection, we can find Young’s
modulus of the nanowhisker as

= EDer 12AEDy
I LD’

; ()

where D is the diameter of the nanowhisker.

Expressions (1) and (2) make it possible to calcu-
late the bending stiffness and the Young’s modulus of
an individual nanowhisker and investigate the depen-
dence of mechanical properties of nanowhiskers on
their geometric parameters.

DISCUSSION OF RESULTS

The bending stiffness and the Young’s modulus
were determined for 12 nanowhiskers of gallium ars-
enide with different geometric parameters using the
developed technique and the results of studying the
geometric parameters of GaAs nanowhiskers by AFM
in the contactless mode. The AFM images of the first
five nanowhiskers and the dependences obtained from
the force spectroscopy for each of these nanowhiskers
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are presented in Fig. 4. It should be noted that the
force spectroscopy of the GaAs nanowhiskers has to be
performed only after scanning in the AFM contactless
mode, because scanning in the semicontact mode
strongly swings the nanowhiskers, which leads to the
acquisition of unreliable DFL(Height) relationships.
Values of the geometric and mechanical parameters
for all 12 GaAs nanowhiskers, which were determined
based on the results of studying the GaAs nanowhis-
kers using AFM together with the developed tech-
nique, are presented in the table. The linear segment of
the DFL(Height) dependences, on which the deflec-
tion of nanowhiskers from the equilibrium position
did not exceed 10% of the nanowhisker length, was
used to calculate the mechanical parameters in order
to satisfy the elastic interaction condition.

An analysis of the results has shown that the
Young’s modulus of the gallium arsenide nanowhis-
kers depends substantially on their geometric parame-
ters, which is uncharacteristic of bulk material. It is
established experimentally that the Young’s modulus
of the gallium arsenide nanowhiskers depends only on
the aspect ratio of a nanowhisker and on its length
(Fig. 5). The Young’s modulus of the gallium arsenide
nanowhiskers varied from 9 to 143 GPa, depending on
its geometric parameters. In this case, with the aspect
ratio more than 17 : 1, the Young’s modulus of the gal-
lium arsenide nanowhiskers exceeded the Young’s
modulus of the bulk gallium arsenide of 86 GPa [6].

It should be noted that the mean value of the can-
tilever stiffness k = 48 N m was taken from the ratings
declared by the manufacturer [10], because a more
accurate determination of the k-parameter value
requires additional independent studies. In this case,
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Fig. 2. AFM images (on the right) and profilograms (on the left) of the experimental sample of GaAs nanowhiskers obtained in
the AFM semicontact mode with (a) an NSG 20 cantilever and (b) a HA_NC cantilever and (c) in the AFM contactless mode
with an NSG 20 cantilever.
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Fig. 3. Schematic of the AFM force spectroscopy of an ori-
ented nanowhisker.

the calculated absolute values of Young’s modulus
include a systematic error (connected with the devia-
tion of the AFM cantilever stiffness from the value
used in the calculations and with the elastic bend of
the AFM probe), which does not influence the
behavior of the revealed dependence of Young’s
modulus of the GaAs nanowhiskers on their geo-
metric parameters.

The observed dependence of the Young’s modulus
of a GaAs nanowhisker on the length and aspect ratio
can be related to the growth in effect of the surface
tension with the reduction in the ratio of the nano-
whisker volume to its surface area. The effect of geo-
metric parameters and the ratio of the nanowhisker
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volume to its surface area on the Young’s modulus are
also observed for other nanowhiskers (lead, silver, zinc
oxide, etc.) [14—16].

The bending stiffness of the GaAs nanowhiskers,
like the stiffness of the flexible beam, depended on the
length, diameter, and other elastic properties of the
nanowhisker.

CONCLUSIONS

This work resulted in the development of a tech-
nique for determining the Young’s modulus of ori-
ented nanowhiskers using atomic force microscopy,
which allows the Young’s modulus and the bending
stiffness of an individual nanowhisker to be calculated
based on data from AFM force spectroscopy. Using
the example of GaAs nanowhiskers, the applicability
of AFM modes for studying the geometric parameters
of oriented nanowhiskers is analyzed, and the AFM
contactless mode is shown to be optimal for scanning
these structures because it allows the required geomet-
ric parameters of nanowhiskers to be determined with
a high resolution.

Experimental investigations into the effect of geo-
metric parameters on Young’s modulus of oriented
nanowhiskers of gallium arsenide were performed
using the developed technique. It is revealed that
Young’s modulus depends on the aspect ratio of the
nanowhisker and exceeds the Young’s modulus of the
bulk material if the aspect ratio is more than 17 : 1.
The behavior of the dependences of the mechanical
properties of the gallium arsenide nanowhiskers on

DFL, nA

1 1 1
-150 -100 -50 0
Height, nm

Fig. 4. Results of experimental studies of GaAs nanowhiskers using AFM: (a) the surface topology obtained in the AFM contact-
less mode; (b) the DFL(Height) dependence from AFM spectroscopy.
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Fig. 5. The dependences of Young’s modulus of GaAs
nanowhiskers versus (a) the aspect ratio and (b) the length.

their geometric parameters is in agreement with pub-
lished data for nanowhiskers made of other materials.

The results of this work can be used in the develop-
ment of technological processes of forming structures
of nano- and microelectronics and microsystem hard-
ware based on oriented nanowhiskers.
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