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ABSTRACT

The fracture strength of silicon nanowires grown on a [111] silicon substrate by the vapor —liquid —solid process was measured. The nanowires,
with diameters between 100 and 200 nm and a typical length of 2 um, were subjected to bending tests using an atomic force microscopy
setup inside a scanning electron microscope. The average strength calculated from the maximum nanowire deflection before fracture was
around 12 GPa, which is 6% of the Young’s modulus of silicon along the nanowire direction. This value is close to the theoretical fracture
strength, which indicates that surface or volume defects, if present, play only a minor role in fracture initiation.

Nanowires (NWs) are of interdisciplinary interest to applica- 100 nm in diameter, grown along the [111] direction) where
tions in the fields of biomedical sensing, nano- and opto- a bending modulus of 186 GPa (188 GPa in bulk) was
electronics and photovoltaics due to their electrical, optical, measured.

mechanical, and geometrical properties that may deviate For NWs of gold and silicon carbidé® no dependence
substantially from bulk.To name some particularly exciting  of the bending modulus on size was observed, but a fracture
applications, the reader is referred to the following list: (i) strength approaching the predicted theoretical maxifum
high-frequency electromechanical resonatdii§ high-aspect  of £/10 was measured for nanoscale objects, whsigethe

ratio tips for surface probe microscopyiii) sensor array  young’s modulus. In contrast to these materials, a reduction
for electrical detection of cancer markéiy) SiNW arrays  of the bending modulus was observed for ZnO nanobelts in
for photovoltaics, and (v) nanoscale light-emitting diod®es.  resonance experimeftdy a factor of 2 and for ZnO NWs
For all these applications the mechanical stability of the NWs j, AFM measurement8 by a factor of about 4 compared to

is essential for their atomic scale manipulation, functional- the hulk value. A recent paper reports bending strength values
ization, or integration into device schemes. of vapor-liquid—solid (VLS) grown silicon NWs of around

Several methods were used in the past to access thesog MPat4 which is over a factor of 10 lower than what we
mechanical properties of silicon NWs and nanobeams. An {5 nd.

atomic force microscope (AFM) was used for bending tests
of single crystal, micromachined silicon beams (from 1 mm
down to 200 nm in width, beam axis oriented in [110]
direction). No change in Young’s modulus, but an increase
in bending strength by a factor of up to 38 was observed
from the millimeter down to the nanometer scalaFM
measurements were also done on silicon NWs (from 10 to

In this paper we present bending experiments on silicon
NWs grown vertically and epitaxially on a [111] oriented
silicon substrate. By direct observation and using elasticity
theory as well as finite element (FE) simulations, the fracture
strength of the NWs was determined. An estimation of the
error is made and the VLS grown NWs are compared to
micromachined silicon beams in terms of strength.

* Corresponding author. E-mail: samuel.hoffmann@empa.ch. For . the measure_ments an AFM was set up inside a
II\EAMF’_A E/Ia;]erialle Scier_ltceHarllld xchnglogy- scanning electron microscope (SEM). The AFM tip was used
artin-Luther UniversitaHalle Wittenberg. . . .
§ Max Planck Institute of Microstructure Physics. _to bend a NW standing perpendicularly to the_substrate until
Ilnstitute of Microtechnology, University of Neutteh it fractured (Figure 1). A permanent deformation of the NW
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P (notto scale) which is independent of the moment of inertia and thus

independent of the NW cross section.

The NW diameter can be measured within an error of
Nanowire about 10% and its length and deflection within an error of
about 5%. This induces for these statistical errors a scatter
on (0z)max Of 15%.
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If, however, because of the SEM characteristic such as its
electron beam diameter and the image contrast there is a
systematic error oh d, ands of 5%, then an error of up to
20% may arise.
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Figure 1. The NW stands perpendicular on the silicon (111) (Omax d S

substrate. On the free end, an AFM tip is used to deflect the NW
until it breaks. From the shape of the NW just before fracture, the  Sijlicon NWs grown epitaxially via the VLS mechanism
maximum tension is calculated by means of formula 4 and three- g5\, a larger diameter at the base of the R{Mset Figure

dimensional FE simulations. The upper part of the NW above the . - .
tip—NW contact is stress free and does need to be taken into account?a)' To verify the validity of the simple beam formula (3)

in the analysis. Inset: A detail of a FE simulation shows that the fOr Igrge deflections, low IengtHWich d ratios,-and our
maximum tensile stress occurs where the NW becomes thicker, particular shape of the NW footing, three-dimensional,

above the sharp corner to the substrate. anisotropic FE simulations with the commercially available
software ANSYS (Ansys, Inc., Canonsburg, USA) were
was not observed, even strongly deflected NWs (deflection performed. The shape of the NW footing is modeled by a
glengthl > 0.3) snapped back to their original position when circle section of radius = 100 nm. The simulations show
released. This allowed us to calculate the maximum stressthat the stress is highest in the region where the NW becomes

from the NW deflection just before fracture. thicker (inset Figure 1). Figure 2 shows that for high length/
In elastic, isotropic beam theory, the stresst a pointx, width ratios the FE calculations exhibit a higher maximum
7 of the NW <5 stress than the linear beam formula 4, whereas for low length/

width ratios the stress from FE calculations is lower. This
differences increase with increasing deflection. The resulting
F(I — 2)x . . i ;
e (1) discrepancies between beam formula anq FE simulations
turned out to be arountt10% for the geometries of the NWs
of interest in this study (encircled values), which ranged from
whereF is the applied force| the NW length, and the 90 to 190 nm in diameter and from 500 to 2000 nm in length.
geometrical moment of inertia. According to this formula,  The NWs were grown by the VLS growth mechanism in
the maximum tensile stress occurs where the NW is attachedan ultrahigh vacuum environment using gold as catalyst and
to the substrate a= 0, x = —d/2 (d being the diameter of  diluted silane as precursor (partial pressure 10 Pa). The
the NW) growth temperature was set to 500. The resulting NWs
had an average diametgiof approximately 100 nm and an
Fid aspect ratid/d greater than 10. Details of the growth process
(Omax= 31" @ are described elsewhe'e.

The AFM tip (AdvanceTEC, 45 N/m, Nanosensors,
Neuchael, Switzerland) was mounted on a piezoelectric
slip—stick robot arm (MM3A, Kleindiek Nanotechnik, Re-
utlingen, Germany) with two rotational and one linear axis.

£l The substrate with the NWs is mounted oxyyaz piezo stage
F=ks=37s 3) (P-620.2CD and P-62.ZCL, Physik Instrumente (PI), Karlsru-
| he, Germany) with 5@m range and sub-nanometer resolu-
tion. The whole setup was mounted inside a SEM (Hitachi
whereE is the Young's modulus. Combining eqs 2 and 3 Science Systems, Japan, S-3600N) such that the NWs are at
yields the maximum stress induced in the NW an angle of 60 with the scanning electron beam. With the

The forceF can be read out from the deflectierand the
spring constank of the NW
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125 Table 1. Measured Bending Strengths of the Silicon NWs
1.2} Calculated by Means of the Simple Beam Formutg)f(.) and
o o the FE Method () %)
x 119 o o Omas Omas (@)
~£ 4l O o o) d@mm) l(mm) sm) Ud[l] [VEl (GPa) (GPa)
. o\ "
L O x x g 170 1650 370 9.7 0.035 6.5 7.0
~, 1.05f 8 g & " [ 125 1500 480  12.0  0.040 75 8.4
we 190 2000 580 105 0.041 7.8 8.8
~ . 90 600 130 6.7  0.049 9.2 9.2
L el *+ E gg}::g;g: = g-;;' 115 1200 400 104 0048 90 98
: o X Defloction #=08/ 120 850 230 7.1 0057 108 111
ool & O Deflection 8=0.41 120 880 250 7.3 0058 109 114
) 8 & Deflection s = 051 125 750 190 6.0 0.063 119 119
0.85 . . . : = 160 1050 300 6.6 0065 12.3 12.7
0 5 10 15 20 25 130 750 215 58 0075 140  14.0
(Length [)/(Width d) 150 760 210 51 0082 154 15.1
Figure 2. Three-dimensional FE calculations of the maximum igg 228 ;i’g 23 8:83; 122 igz

stress ((72)5'; compared to the linear beam formula reswuif)fax
(eq 4). The circle indicates the length/width ratios of the NWs that )
were used in our experiments. Namazu et al.have found an average bending strength of

17.5+ 0.3 GPa for micromachined silicon beams (along

SEM table, the NW of interest was moved in the field of [111] direction) of 6 um length and around 250 nm in
view. The coarse positioning of the AFM tip toward the diameter. This corresponds to a scattet-@Po, whereas for
sample was done with the robot arm, and the fine positioning five of our NWs which have the same length of about 800
as well as the bending of the NW was achieved by moving nm, the scatter ist15%. Aside from measurement inac-
the sample with the,y,z piezo stage. The NWs were bent curacy, this could be due to the presence of surface or
perpendicularly to the electron beam, so that the deflection interfacial defects at the NW footing which lead to a stress
s could be read out directly from the SEM image. In the concentration and initiate failure there. However, the NWs
majority of cases, the AFM tip was not applied at the free are essentially free of extended volume defects, and their
end of the NW, but somewhere in the middle along its length influence is expected to be low as deduced from transmission
(Figure 1). The bent section was then shorter than the NW, electron microscopy, not shown here.
which gave the possibility of artificially shorten the length There does not seem to be a relation between strength and
of the bent NW in order to get deflections that were not too diameter. However, a correlation between strength and length
large. The whole procedure was recorded in a video file (seehas been observed. Shorter NWs tend to have a greater
Supporting Information). From the last image before fracture, fracture strength than longer ones. If the-tlgW friction
the lengthl, diameterd, and deflections were extracted  coefficient is high (adhesion due to electron beam induced
(Figure 3). With these parameters, the maximum stress hascontamination deposition), an additional tensile stress is
been calculated by eq 4 and by FE simulations. induced in the NW, which is more important at large

The results from the experiments are listed in Table 1. As deflections. We assume that friction at the-tldW contact
for silicon, no size dependence of the bending modulus wasmay become important in long NWs because they tend to
reported. We assumed the Young’s modulus of bulk silicon deflect strongly. This tensile stress is not accounted for in
[111], E= 188 GPd? The average fracture strength was 12 analytics and simulations and may explain the apparently
+ 3 GPa, which is around 6.3% & A few NWs fractured weaker long NWs.
at the critical stress value &/10. Recently, bending strengths of VLS grown NWs have been

Although brittle materials have a probabilistic behavior reported* that are a factor of more than 10 lower than the
in their mechanical properties, the scatter of the bending values we measured. The reported strengths, 300, 560, and
strength is expected to be smaller for such a small specimen852 MPa, were read out from AFM foreeleflection curves

Figure 3. Tilt corrected SEM images from a bending experiment. (a) NW with AFM tip before deflection. Inset: The NW footing. (b)
Image just before fracture. The AFM tip was bent, too. (c) Broken NW, the fracture occurred where the NW becomes thicker in good
accordance with the FE simulations that indicate the maximum stress there. Mainly due to electron beam induced contamination deposition,
the NW sticks to the AFM tip.
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on three NWs that had about the same diameter as our NWsReferences

but were much longer (1@m). Their results can only be
explained in comparison to our results and results on
micromachined silicon if defects played a dominant role in
those experiments.

To conclude, the AFM inside the SEM can be used as a
manipulator to bend and move nanoscale objects and perform
guantitative measurements of their mechanical properties. FE
calculations have shown that the linear beam formula can
be used to calculate the maximum stress induced in the NW.
On the basis of our results from bending silicon NWs, we
estimate their fracture strength to be around 12 GPa, which
is 6% of their Young’s modulus. This is lower than what
one would expect from the results of micromachined beams,
but only a factor of 2 lower than the theoretical cohesive
strength. Some NWSs reached the theoretical cohesive strength
indicating that NWs can be grown virtually defect free by
the VLS technique.
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