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ABSTRACT In this paper we demonstrate that under ultrahigh strain conditions p-type single crystal silicon nanowires possess an
anomalous piezoresistance effect. The measurements were performed on vapor-liquid-solid (VLS) grown Si nanowires, monolithically
integrated in a microelectro-mechanical loading module. The special setup enables the application of pure uniaxial tensile strain along
the 〈111〉 growth direction of individual, 100 nm thick Si nanowires while simultaneously measuring the resistance of the nanowires.
For low strain levels (nanowire elongation less than 0.8%), our measurements revealed the expected positive piezoresistance effect,
whereas for ultrahigh strain levels a transition to anomalous negative piezoresistance was observed. For the maximum tensile strain
of 3.5%, the resistance of the Si nanowires decreased by a factor of 10. Even at these high strain amplitudes, no fatigue failures are
observed for several hundred loading cycles. The ability to fabricate single-crystal nanowires that are widely free of structural defects
will it make possible to apply high strain without fracturing to other materials as well, therefore in any application where crystallinity
and strain are important, the idea of making nanowires should be of a high value.
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T

he various effects of strain on silicon and germanium
have been studied since the 1950s.1 It was recognized
early, that if the band structure is changed due to
strain, many material properties are altered including, and
most significant to silicon technology, band gap, effective
mass, carrier mobility as well as diffusivity of dopants, and
oxidation rate.2 In particular the piezoresistance effect,
changing electrical resistance of a material due to applied
mechanical stress, was quickly adopted to realize microelectro-mechanical sensors systems.3 This strain effect on
the transduction physics of silicon-based piezoresistive sensors is closely related to the carrier mobility enhancement
in strained Si-CMOS.4-9 Strained Si on silicon-germanium
substrates was explored in an effort to boost carrier mobility
since the early 1990s.10-13 In only a few short years, both,
localized tensile as well as compressive strain was being
deliberately introduced in a variety of ways to enhance
carrier mobility in high performance devices.14-16 Today,
almost every semiconductor manufacturer has announced
their version of strained CMOS.17
The effects of high strain levels on the electronic and
optical properties of nanowires have been, however, largely
overlooked up to now, although the electrical and optical
properties of nanowires have been extensively studied. In
situ tuning of high strain levels has proved to be challenging
as the nanostructures have to be interfaced with electrodes

which guarantee reliable contacts even when subjected to
such mechanical forces, where surface imperfections may
initiate fractures.18 Very recently Gordon et al. have shown
that the “effective” Young’s modulus increased slightly as
nanowire diameter decreased, but fracture strength increased by 2-3 orders of magnitude.19 Within their investigations VLS grown Si nanowires grown with a colloidal
catalyst were the most mechanically sound with high modulus and high fracture stress (>1 GPa). A reduction in diameter
as large as 426% (the ratio of initial diameter over breakpoint diameter as a percentage) and 125% elongation ratio
were obtained at ambient temperature for a nanowire with
an original diameter of 26 nm.20
However, most of the approaches, such as the commonly
used four-point bending method,21 are applicable to study
the piezoresistive behavior of nanowires only at low strain
levels.22-27 On the basis of a microelectro-mechanical loading system, we developed a special technique enabling
maximum strain levels up to 3.5% on monolithically integrated VLS grown crystalline Si nanowires. Thereby we can
induce uniform tensile strain in these individual Si rods while
measuring simultaneously the resistance of the nanowire.
The use of nanowires enables us to avoid the defects and
variations that make it difficult to study standard ultrastrained silicon that has so many dislocations and defects
that strain measurements are not accurate.
Figure 1a shows the schematic view and Figure 1b shows
the scanning electron microscopy (SEM) image of the microelectro-mechanical testing module with the suspended
Si nanowire (see inset in Figure 1b).
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FIGURE 1. (a) Schematic illustration and (b) SEM image of the
microelectro-mechanical loading system for tensile testing of a
suspended Si nanowire and measuring the resistance change simultaneously. The inset of Figure 1b shows a monolithically integrated
5.81 µm long single crystal Si nanowire with a diameter of about
100 nm. The Si nanowire under test is anchored with one end to a
suspended cantilever and with the other end to the opposed
insulated Si pad. The green-inked tip is used to apply stress to the
freestanding cantilever which further applies strain to the suspended
Si nanowire. The red-inked needle probes complete the electrical
circuit used to measure the resistance changes during straining.

FIGURE 2. Cross-sectional low-magnification, bright-field TEM image
of a Si〈111〉 nanowire grown epitaxially on a Si{111} surface and
the respective high-resolution TEM image of the substrate-nanowire
interface region.

A freestanding Si-cantilever with {111} faceted sidewalls
was processed out of a highly boron doped 〈110〉 top layer
of a silicon on insulator (SOI) wafer by photo lithography,
reactive ion etching, and partial removal of the buried oxide
by wet etching. Successively, gold colloids with a diameter
of 80 nm in aqueous solution were placed selectively on the
{111} oriented sidewall of the freestanding cantilever by
dielectrophoresis. The Si nanowires were synthesized by VLS
growth in a hot wall chemical vapor deposition reactor using
SiH4 as precursor.28 Thereby synthesis parameters were
chosen to grow epitaxially, 〈111〉-oriented Si nanowires
perpendicular to the {111} surface of the cantilever to force
them to impinge onto the opposite sidewall forming a selfwelded contact.29 The distance between the cantilever and
the opposite Si pad was varied for the diverse devices on
the chip to enable investigations of nanowires of different
lengths L (see Figure 1). Finally, we ended up with suspended Si nanowires, L ) 2.5-7 µm long, and all of them
about 100 nm in diameter, anchored with one end to the
suspended cantilever due to epitaxial growth, and attached
with the other end to the opposed Si pad.
The transmission electron microscopy (TEM) image in
Figure 2 shows the interface region of such epitaxial grown
Si nanowires on a Si{111} surface.
The dashed line in the high-resolution TEM image represents the substrate/Si nanowire interface. No grain boundaries, abrupt interfaces, or misfit dislocations were observed
in this region and the interface appears to be coherent,
unstrained, and epitaxial silicon to silicon. It was already
demonstrated previously that such grown epitaxial nanowires exhibit extraordinarily robust electrical and mechanical
connections.30,31 The intimate contact between the epitaxial
Si nanowires and the micro scale Si electrodes enable to
apply exceptional high strain levels and to measure the
longitudinal resistance change simultaneously.
By exerting a perpendicular force on the freestanding
cantilever by means of a micromanipulator, as indicated in
Figure 1, an essentially uniaxial tensile force is inherently
© 2010 American Chemical Society

FIGURE 3. I/V characteristics of a suspended Si nanowire, 4.04 µm
in length and 100 nm in diameter at various strain levels, as
indicated in the legend. The measurements are performed by
applying a voltage sweep from -10 to +10 V and by simultaneously
reading the current flow.

applied along the 〈111〉 growth direction of the suspended
Si nanowire (see video in the Supporting Information). This
special setup enables high strain levels (up to 3.5% elongation of the nanowire) with no shear component of the stress.
The length and elongation of the Si nanowire under stress
was determined in situ by SEM imaging, measuring the
distance between the two ends of the nanowire. The epitaxial growth of the Si nanowires perpendicular to the
cantilever (i.e., to the direction of the electron beam) enables
a precise measurement of the nanowire elongation with
approximately 10 nm precision without any “hidden” displacement along the electron beam direction.
To characterize the overall electrical response of such a
suspended Si nanowire device we applied a voltage sweep
from -10 to 10 V and monitored the current flow in the
wires at different strain levels. Figure 3 illustrates the typical
I/V characteristic of a suspended 4.04 µm long Si nanowire
for various strain levels. Such two-terminal I/V measurement
setup data comprise the resistance of the nanowire, the
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contact resistance between the nanowire and the Si electrodes and the resistance between the electrodes and the
probe needles. For the heavily doped electrode regions, the
contribution of the resistance between the electrodes and
the probes was found to be negligible.
Four-probe measurements of such grown Si nanowires
revealed an intrinsic resistivity FNW ) 20 Ωcm (see Supporting Information). The conductivity-type of the nanowire was
determined by a nanowire-FET with back gate geometry
exhibiting a field effect response characteristic of a p-type
semiconductor (see Supporting Information). Such p-type
behavior is a common observation in field-effect measurements of Si nanowires without intentional doping.32,33 As
the p-type Si nanowires and the heavily p-doped Si electrodes of the microelectro-mechanical loading module are
of the same conductivity type, good electrical connection has
to be expected.
As expected for low strain levels, we observed a slight
decrease of the current with increasing strain. This trend is
qualitatively consistent with the longitudinal piezoresistance
behavior of bulk Si along the 〈111〉 directions.34 In semiconductors, particularly in indirect band gap semiconductors,
mechanical stress affects the electronic band structure, thus
modifying the effective electron mass, the mobility, and the
resistivity F.
As the nanowires will be elongated and become slightly
thinner when being pulled, the change in resistance caused
by an applied stress is the result of both, dimensional
changes, and piezoresistivity. Thus, the relation between the
relative resistance change in a piezoresistive element, R/R0,
subjected to uniaxial stress, is given by

FIGURE 4. Relative changes in resistivity ∆F/F0 versus strain of the
〈111〉-oriented Si nanowires all with diameters of about 100 nm and
different length as indicated in the legend.

constant of the semiconductor, and µp is the hole mobility.
This relation shows that a significant change in current due
to strain can only be attributed to a significant mobility
change. The amount of mobile charge is modulated by the
applied voltage, and is rather insensitive to bandgap, barrier
heights and carrier lifetimes. The main assumption that the
current will remain unipolar also in the presence of straininduced bandgap narrowing is discussed below.
Figure 4 shows the relationship between relative change
in resistivity and strain for Si nanowires of different length
obtained from the measurement of the fractional change of
resistivity at different tensile loads. As the trend is qualitatively the same independent of the nanowire length, we
propose that the contact resistance remain stable independent of the stress level.
In accordance with the longitudinal piezoresistance behavior of bulk Si along the 〈111〉 directions, we observed the
expected increase of the resistance for strain levels up to
about 0.8%. This trend is also qualitatively consistent with
the findings of He and Yang, which have shown that the
conductance decreases under tension and increases under
compression for VLS grown p-type Si〈111〉 nanowires.34
Though their investigations were restricted to rather low
strain values of about 0.06%, they measured an unusually
large piezoresistance effect compared with bulk. Such enhancement of piezoresistance effects has also been reported
in Si beams defined by electron beam lithography.37
Most remarkably for ultrastrained Si nanowires we observed an anomalous and giant decrease of the resistivity
with the change in resistivity being proportional to the strain.
In the current work, the conductivity of the 100 nm thick Si
nanowires could be increased 10-fold for 3.5% elongation.
So far no experimental results of piezoresistivity in such
ultrastrained silicon were available. Theoretical calculations
based on measured bulk silicon piezoelectric coefficients
predict for tensile uniaxial strain an enhancement for both,
electron, and hole mobilities.38 Fischetti et al. calculated a
extremely large increase of the hole mobilities (10 times

R/R0 ) (1 + 2v)εL + F/F0

where v is the Poisson’s ratio and εL is the strain along the
piezoresistor with resistance, R. The resistance and the
resistivity in the unstressed material are denoted by R0 and
F0, respectively. As the observed changes in resistance are
significantly larger than the dimension changes, we converted relative changes in resistance to the relative change
in resistivity ∆F0, subtracting the dimensional parameters
but neglecting the dimensional changes of the nanowires.
The nonlinear I/V characteristics in Figure 3 indicate that
transport through the nanowire is space charge limited.35
In this regime, the carrier concentration is low and the
current unipolar. Ideally, the current density depends quadratically on the applied voltage

Jp ) ξεµpV2 /L3

In this specific relation for nanowires,36 the geometric
prefactor ξ depends on the ratio R/L, ε is the dielectric
© 2010 American Chemical Society
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mechanism. A significant minority current component would
only develop at some sufficiently high temperature of the
nanowire. However, the measurement data rule out the
assumption that self-heating and the resulting increase of
the intrinsic carrier concentration, which would be straindependent via the band gap, could explain the observed
resistivity reduction. Indeed, qualitatively the same characteristic resistivity reduction can be extracted for both 1 and
10 V applied voltage, which translates into a difference of 2
orders of magnitude in the dissipated heat (see Supporting
Information). Since this huge difference does not qualitatively alter the resistivity characteristics, the latter cannot be
explained by effects related to self-heating. The simulations
performed indicate that the resistivity characteristics mainly
reflect the strain-dependent hole mobility, and that the
current measured is unipolar and the space charge limited.
The effect of strain on the surface depletion layer has been
neglected in the simulation. Rowe39 suggested that the
resulting piezo-pinch effect in nanowires is the origin of the
giant piezo resistance reported by He and Yang.34 However,
this effect can only explain the resistivity increase at low
strain, but not the reduction at high strain. Taking the piezopinch effect into account would require an even higher
mobility increase to explain the measured resistivity decrease.
Closing, strain engineering involves just smoothly deforming the material and strained Si nanowires would be a
semiconductor that has a tunable resistivity while keeping
its other unique characteristics. There is a vast geometric and
orientational parameter space over which the piezoresistive
properties can be tuned, and it is unlikely that the nanowire
geometries, orientation, and doping parameters studied here
will prove optimal for maximum piezoresistive response.
While the anomalous piezoresistive phenomenon obtained
in ultrastrained Si nanowires may pave the way toward
sensitive, silicon compatible strain gages or high-performance nanoelectronic devices, these effects should apply to
many substances beyond Si.

FIGURE 5. Dynamic response of the current through a suspended
2.39 µm long Si nanowire when the structure is subjected to cyclic
loading between three levels (relaxed nanowire, 2% strained, 3.3%
strained). The red and black line show the respective currents at
the two tips where one was grounded and the other one biased to
-5 V.

enhancement) for heavily strained (5%) materials.13 They
stated that these results are not too meaningful from a
practical perspective as layers subject to such a high strain
can only be grown up to very small thicknesses, if at all,
before the strain will be relieved by the formation of dislocations and other defects. The ability to fabricate single-crystal
nanowires of Si that are free of structural defects makes it
possible to apply such high strain without plastic deformation or fracturing of the material. Such nanowires withstand
high stress levels before the strain will be relieved by the
formation of dislocations and other defects.
To investigate reliability and fatigue resistance of the
nanowires in our mechanical loading system, we performed
tests under cyclic loading. No fatigue failure was observed
for high strain amplitudes (3.3%) up to several hundred
cycles (see movie in the Supporting Information). For strain
levels above 3.5% the Si nanowires fail via sudden brittle
fracture at the self-welded nanowire-Si-electrode contact. In
addition to monitoring the mechanical stability under longtime cycle tension, the resistance changes of the nanowire
was measured simultaneously under cyclic loading for three
constant strain levels. Figure 5 shows a time sequence of
the Si nanowire current changes, when the device is successively exposed to tensile cycle loading for 2 strain levels.
As expected, the electrical response (I/V versus time) for the
Si nanowire shows well-reproducible two levels.
We have further analyzed the effect of strain on the
resistivity by means of numerical simulation. The two
dominant strain effects considered were a change in mobility and bandgap narrowing. Our simulations clearly show
that at room temperature even a considerably reduced
bandgap does not give any relevant contribution of the
minority carriers to the total current. The same holds if
carrier lifetimes are varied by a few orders of magnitude.
This means that the current remains unipolar and the
reduction in resistivity can only be attributed to a mobility
increase and not to the onset of a bipolar conduction
© 2010 American Chemical Society
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