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In Situ Electron Microscopy Four-Point Electromechanical
Characterization of Freestanding Metallic and

Semiconducting Nanowires

Rodrigo A. Bernal, Tobin Filleter, Justin G. Connell, Kwonnam Sohn,
Jiaxing Huang, Lincoln J. Lauhon, and Horacio D. Espinosa*

Eiectromechanical coupling is a topic of current interest in nanostructures, such
as metallic and semiconducting nanowires, for a variety of electronic and energy
applications. As a result, the determination of structure-property relations that
dictate the electromechanical coupling requires the development of experimental
tools to perform accurate metrology. Here, a novel micro-electro-mechanical system
(MEMS) that allows integrated four-point, uniaxial, electromechanical measurements
of freestanding nanostructures in-situ electron microscopy, is reported. Coupled
mechanical and electrical measurements are carried out for penta-twinned silver
nanowires, their resistance is identified as a function of strain, and it is shown that
resistance variations are the result of nanowire dimensional changes. Furthermore,
in situ SEM piezoresistive measurements on n-type, [111[-oriented silicon nanowires
up to unprecedented levels of ~7% strain are demonstrated. The piezoresistance
coefficients are found to be similar to bulk values. For both metallic and
semiconducting nanowires, variations of the contact resistance as strain is applied are
observed. These variations must be considered in the interpretation of future two-

point electromechanical measurements.

1. Introduction

The coupling of mechanical and electrical properties in nano-
structures has received increased attention given the major
role they are envisioned to play in future electronic and
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electromechanical devices. For example, metallic nanowires
can be used to probe the effects of scaling in the miniaturiza-
tion of electronic interconnects,[!l or be used as interconnects
themselves,?l while semiconductor nanowires, with proper-
ties such as piezoresistivityl® and piezoelectricity, find appli-
cations in sensors,*! energy harvesting,®! novel-architecture
transistors(% and nanoprocessors.’]

In the context of metallic nanowires, the mechanical signa-
ture of electromigration and the electrical nature of disloca-
tion activity remain to be studied. Electromigration is a likely
failure mode in nano-sized interconnects as a result of higher
current densities.[¥] However, the stresses involved have not
been deeply understood, although it was observed they are
compressive.’l Strengthening of metals using coherent twin-
ning has resulted in a mild reduction in conductivity,'”! but
its effect on electromigration remains unknown.[’! Since
metallic nanowires with coherent twin boundaries have been
synthesized,[''2] they constitute an ideal test bed for stud-
ying electromigration in nano-sized interconnects and its
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associated mechanical response.®1 On the other hand, dis-
location activity has been correlated to the resistance-noise
spectrum in macroscale metallic specimens,['*! but this phe-
nomenon has not been yet studied in nanowires.

In semiconducting nanowires, increased attention has
been paid to their electromechanical properties due to
reports on giant piezoresistivity in silicon nanowires,'l and
energy harvesting using piezoelectric nanowires,’! although
some questions remain open.'>'7] Even though giant pie-
zoresistance has been reported by several groups,[!*181]
recent reports point to possible experimental artifacts that
may explain earlier measurements.'>19 In the case of energy
harvesting, the correlation between conductivity, carrier con-
centration, and piezoelectric output has been the subject
of controversy,!72021 although such systems have demon-
strated to produce usable electrical energy.”l Computational
studies have revealed giant piezoelectricity in gallium nitride
(GaN) and zinc oxide (ZnO) nanowires of small diameters
(<3nm),1?*! and piezoelectric response for nanowires of non-
piezoelectric materials,?* but these phenomena remains to
be experimentally demonstrated. Another material system of
interest is vanadium dioxide nanowires, as phase transitions
induced by temperature and strain have the potential to be
used in electrical and optical switching.25-20]

Due to this significant interest, development of novel
experimental tools to accurately characterize electromechan-
ical response in individual nanowires is needed, in order to
achieve well defined and reproducible conditions leading to
repeatable results. Even though individual-nanowire experi-
ments are now possible, results are typically not consistent
across the board, as alluded to above. To avoid ambigui-
ties, complementary techniques such as individual-nanowire
dopant characterization, and in-situ electron microscopy
testing are preferred.[’”] In-situ testing, in particular, allows
high resolution and the capability to observe the sample
and its structure as the experiment progresses.?8-3) In fact,
in the context of mechanical testing, In situ Transmission
Electron Microscopy (TEM) and Scanning Electron Micros-
copy (SEM) techniques do exist based on specialized TEM
holders, Microelectromechanical Systems (MEMS), and reso-
nance. (For detailed reviews seel?$31),

In electromechanical studies of nanowires, the most
common approach has been to deform the sample and
measure the specimen’s electrical response (resistivity, gen-
erated charge, etc.) using two electrical contacts (two-point
measurement).l'¥ Although this may be appropriate for con-
tacts that are co-synthesized with the sample,'43233] it is well
known that post-synthesis contacts add a contact resistance
and may introduce Schottky barriers.

For the above reasons, four-point electrical measure-
ments are preferred as they provide the true specimen resist-
ance.’ In fact, this method has been applied for several
nanowire systems.’338] However, integration of four-point
testing, mechanical deformation, and in situ electron micros-
copy observation in individual, freestanding nanowires has
not been yet demonstrated. Ex situ designs have been pro-
posed with MEMS technology, but they do not allow simulta-
neous electrical measurements and application of strain.[3%40]
Similarly, although MEMS devices for nanowire testing with
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capabilities of sample straining and electrical measurements
have been demonstrated,[*!*] they do not allow decoupling
of the contact resistance. The examples highlight that inte-
grating all these capabilities is not trivial due to the chal-
lenging nature of these experiments.

In this report, we demonstrate a MEMS device for four-
point electromechanical characterization of freestanding
nanowires in electron microscopes. In-situ SEM measure-
ments were conducted on silver and silicon nanowires. For
silver nanowires, we find a good match between experiments
and theory in the elastic and plastic regimes, which validates
the experimental method. In silicon nanowires, measure-
ments of the piezoresistance were carried out up to levels
of 7% strain. For both types of specimens, we also compare
the apparent (two-point) and true (four-point) strain-induced
changes in resistance. We conclude that contact resistance
changes as strain is applied to the sample. This has major
implications for future research in electromechanical meas-
urements on nanostructures.

2. Device Description

The four-point MEMS device is built upon a proven system
for mechanical characterization,[*34¢! where a thermal actu-
ator***] is used to impose deformation on one end of the
specimen. The other end of the specimen is connected to a
capacitive load sensor.*3] This design has proved reliable
in characterizing mechanical properties of nanowires,[*7-50]
carbon nanotubes,5!! and carbon nanotube bundles.!5]

Here, the fabrication process and design of the platform
has been re-engineered to allow four independent electrical
connections to the nanostructure. Specifically, as is shown
in Figure 1a), four electrical traces coming from the outside
electronics are connected by anchors and vias to very com-
pliant, conductive folded beams that allow electrical access
to the moving shuttles where the specimen is positioned. The
folded beams are then interfaced with interconnects which
are brought to the vicinities of the specimen (Figure 1b). The
folded beams and interconnects are fabricated from highly-
doped poly-silicon. In order to ensure that all four electrical
signals are independent from each other, an insulating free-
standing silicon nitride layer is deposited in the fabrication
process.?’l In this way, mechanically connected structures are
electrically insulated from each other. Specifically, the silicon
nitride layer is used to fabricate two insulating shuttles where
the specimen is positioned. At the same time, these shuttles
provide mechanical connection to the thermal actuator and
load sensor, and support for the poly-silicon interconnects.

To complete the electrical connections to the specimen,
Ion or Electron-Beam-Induced platinum deposition (IBID
or EBID) is used to pattern connections from the poly-silicon
interconnects to the nanowire (Figure 1c). Two connections
are performed on each end of the specimen. Under this con-
figuration, four-point electrical measurements as a function
of applied strain can be carried out. In particular, the true
strain-induced variations in resistance of the freestanding
portion of the specimen, between the two middle contacts,
can be measured. The complete device is shown in Figure 1.
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Figure 1. MEMS for four-point electromechanical measurements. a) SEM image showing an overview of the device. Scale bar: 200 um. The dashed
square is detailed in (b). Here, the folded beams (u-shaped) shown in (a) which provide electrical connections, extend on top of silicon nitride
shuttles and come close to where the specimen is placed. The platforms ensure insulation among the four specimen connections and between
other signals used to operate the device. Scale bar: 40 um. A detail of the dashed square is provided in (c) where a nanowire laid on the insulating
shuttle and connected in four-point configuration is shown. Scale bar: 4 um. d,e) TEM images, as viewed through the TEM window, of the same
nanowire in () are shown (300 nm and 100 nm scale bar, respectively). f) Top-view schematic of the device operation for four-point measurements.

g) Cross-section of the device.

3. Results and Discussion

In situ SEM experiments were carried out in both metallic
and semiconducting nanowires (see the Experimental Section
for synthesis details). For the metallic case, we utilize
penta-twined silver (Ag) nanowires, for which mechanical
characterization was previously carried out utilizing sim-
ilar MEMS-based methods.""] These samples are ideal to
validate the experimental technique since changes in the
specimen resistance are expected to be dominated by dimen-
sional variations, and thus a prediction of the electromechan-
ical behavior can be confidently made and compared to the
experimental results. We then utilize the system to carry out
piezoresistive measurements in n-type, [111]-oriented, silicon
nanowires, and to characterize the behavior of contact resist-
ance in electromechanical experiments.

The nanowires were placed on the MEMS device in-situ
SEM and electrically connected by FIB using IBID of platinum
(see the Experimental Section).[®] Electrical leakage caused
by possible diffusion of the Pt depositions is negligible (see
Supporting Information). The MEMS device was then wire
bonded and interfaced with the electronics (see the Experi-
mental Section). For device actuation and nanowire-strain
measurement, the protocols previously reported**4 were
followed. In particular, the strain in the nanowire is obtained
by measuring the displacement of the insulating shuttles from
SEM images and dividing by the gage length. The calcula-
tion is corrected for misalignment between the nanowire and
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tensile axis as appropriate. Only nanowires with small
misalignment were tested (worst case is 16°), resulting in a
correction of less than 4%. This small misalignment, in com-
bination with the large aspect ratio of the tested specimens,
ensures that most of the gage section is in pure tension and
that bending stresses near the boundaries are less than 10%
of the axial stresses.”> All electrical measurements were
carried out with the electron beam turned off.

3.1. Specimen Resistance as a Function of Strain: Four-Point
Measurements

3.1.1. Experiments in Silver Nanowires

Silver nanowires of different diameters (177 £ 2 nm, 65 £
2 nm) were tested to validate the experimental method
(Figure 2a,b). As expected, due to the relatively long elec-
trical path and the use of platinum deposition, the measured
two-point resistance is relatively high (Figure 2d). However,
the measured four-point-resistance is much lower (Figure 2e).
Using the four-point-resistance measurements at zero strain
and SEM measurements of the nanowire diameter and
length of the gage region, the resistivity of the samples is cal-
culated to be 45 £ 0.4 x 10~ Qm and 87 + 4 x 10~ Qm for the
177 and 65 nm nanowires, respectively. These values are in
the same order of magnitude as the bulk resistivity of silver
(16 x 10 Qm).P* A higher resistivity than bulk as
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Figure 2. Electromechanical testing of silver nanowires. a—b) SEM Micrographs of the nanowires placed in the MEMS device for four-point testing.
Scale bars are 3 um. c) Sequential images of the 65 nm nanowire during electromechanical testing. Scale bar: 2 um. d,e) Four-point and two-point
current-voltage curves for the 177 nm nanowire at 0% strain. Figure e) shows the four-point curve in greater detail. f) 177 nm-nanowire resistance
as a function of strain. No major changes are observed (see text). g) Resistance of the 65 nm nanowire as a function of strain.

specimen-dimension decreases can be expected given the
increased surface scattering in the nanowirel*>! and the
influence of surface roughness.’> Nanowires of gold with
similar penta-twinned structure were demonstrated to have
resistivity in the same order of magnitude of the bulk, and
a similar behavior of increasing resistivity with decreasing
diameter.[*]

The resistance of the nanowires was characterized as a
function of strain. For low level of strains, the thick nanowire
was employed, in order to test the resolution of the experi-
mental method. The thin nanowire was stretched to higher
strain (6.9%; Figure 2c) in order to probe the behavior of
resistance in the plastic regime. The changes in specimen
resistance with strain can be described, in the elastic regime
as (see the Supporting Information for formal derivation):

(1+¢)

A= e

(M

where Ry is the resistance at zero strain, € is the strain and Vv,
is the averaged Poisson's ratio,[*® which is 0.37 for silver (See
the Supporting Information). The averaged Poisson's ratio is
used in order to take into account the changes in the cross-
sectional area for an anisotropic specimen. Using a linear
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approximation around & = 0, the resistance can be described
as:

R= Ro+ [Ro(1+ 2v,)] € @)

As expected for the thick nanowire, the resistance as a
function of strain shows little changes (see Figure 2f). In this
case, variations of the resistance with the dimensional changes
imposed in the sample are too small to be resolved. Given
that the initial resistance and maximum strain were low, the
change of resistance as a function of strain is expected to
have a slope of 30.5 Q, which is consistent with the measure-
ments within experimental error as seen in Figure 2, although
it is near the resolution limit of the technique.

For the thinner nanowire, tested at high strain (6.9 +
0.1%), the changes of resistance in the elastic regime are
more significant and follow closely the description of (2). In
particular, the theoretically-predicted slope should have a
value of 428.4 Q which is very close to the experimentally-
measured value of 485 + 12 Q, Figure 2g. The slight mismatch
can be explained by the differences between the elastic con-
stants of the nanowire and the bulk material. The elastic limit
is taken as the closest lower experimental point with respect
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Figure 3. Electromechanical testing of Silicon nanowires. a,b) SEM Micrographs of the nanowires placed in the MEMS device for four-point testing
(diameters 114 and 141 nm). Scale bar is 3 um. ¢) Sequential images of the 141 nm nanowire during electromechanical testing and up to fracture
above 7.3% strain d) Changes in voltage with a constant applied current, for different strain levels (141 nm nanowire). Note: the strain is modulated
in order to directly correlate resistance change and applied strain (see text for details) e) Relative change of resistance for the two specimens as a

function of strain. The dashed lines indicate a quadratic fit to the data.

to 3% strain (2.59 + 0.08%). This transition point from elastic
to plastic behavior is based on extensive and detailed in situ
TEM stress-strain measurements and atomistic simulations,
previously reported for the same penta-twinned Ag nanow-
ires, which demonstrated their plastic deformation mecha-
nisms, and revealed diameter independent yield strains of
~39.150]

The behavior of the specimen resistance in the plastic
regime was also explored and is shown in Figure 2g. Here, the
resistance change is expected to be governed by dimensional
changes, which in plasticity can be computed using conserva-
tion of volume as follows:

(1+ &)?
Y1+ g)?

R(e)

(©)

where R, is the resistance at yielding (see the Supporting
Information for formal derivation). To first order, this can be
approximated around the yield point g, as:

" [ZRyﬁ] ‘ (4)

Taking the yield point as the closest experimental point
to 3%, g, = 0.0259% 0.0008, and the resistance at yield
R, = 2582 0.1Q the calculated intercept (2452 ) and

(1-¢)
"1+ ¢)

R(e)
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slope (503.4 Q) closely match a linear fit to the experimental
data (244.1 £1.5Q,503.0 £32.2 Q).

Opverall, these results validate the MEMS device as a tool
to characterize the true strain-induced changes of resistance
in one-dimensional nanostructures, by integrating four-point
electrical measurements, sample straining, and in-situ elec-
tron microscopy testing.

3.1.2. Experiments in Silicon Nanowires

N-type silicon nanowires grown along the [111] axis with dif-
ferent diameters (141 + 6, 114 £ 4 nm) were tested as well. The
specimens are shown in Figure 3, along with the associated
measurements. The nanowires were tensioned up to fracture,
therefore allowing piezoresistive measurements at high levels of
strain (7.0% and 7.3% strain respectively; see Figure 3c). Frac-
ture strains of this magnitude are typical for semiconducting
nanowires due to lower defect densities as material dimensions
are reduced.[’7] In order to measure the change in resistance
with applied strain, the strain-modulation techniquel'®) was
employed (Figure 3d). Strain was applied and removed (“ON-
OFF”) alternately while applying a constant current (50 nA)
and measuring the change in voltage. Thus, this technique pro-
duces a change in resistance that is directly correlated to strain,
unaffected by longer time-scale resistivity drift due to other
causes, such as charge trapping.!'‘!
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For both nanowires, we observe a reduction of resistance
as strain is applied. This is consistent with the piezoresist-
ance behavior of [111], n-type bulk silicon.”®! Although both
nanowires show similar changes for small strains (<1 %), their
behaviors diverge for larger values. A slight deviation from
linear behavior is seen above ~4% strain. In contrast to the
results in p-type Si nanowires by Lugstein et al.,’”) we do
not observe an inversion of the sign of the piezoresistance at
high strains. Note however, that the nanowires are expected
to have a high carrier concentration! (see the Experimental
Section), and display ohmic behavior, as opposed to space-
charge-limited transport.

The relative change in resistance in the nanowires can be
expressed asP8l:

AR Ap

(&)= (1+ 2v)e+ s Q)

where v is the Poisson’s ratio (0.18 for silicon — uniaxial strain
in the [111] direction!®!) and p is the resistivity. The relative
change in resistivity, excluding dimensional changes, that is,
the piezoresistance, can be thus obtained from the experi-
mental data and fit to a polynomial to extract the longitu-
dinal piezoresistance coefficients. A better fit is found with a
second order (R? = 0.99-0.98), rather than with a linear poly-
nomial (R? = 0.97), due to the slight nonlinearity observed in
the data. The corresponding piezoresistance coefficients are
o = 37 x 1071 Pa!, ' = 6.9 x 102> Pa? for the
141 nm nanowire, and 7;["'!l = 2.1 x 107" Pa’!, m,l"11 2.2 x
10722 Pa~? for the 114 nm nanowire. The first order coefficients
are comparable to the coefficients for n-type bulk silicon in
the [111] direction (=7.53 x 107! Pa)P®®l and are consistent
with recent experimental findings that indicate that silicon
nanowire piezoresistance, although possibly dependent on
size, is generally of the same order of magnitude as bulk.['0:01]

However, the difference in the piezoresistance coefficients
for the two tested nanowires cannot be solely attributed to
a size-effect, given that exact doping levels of the individual
nanowires are not known. Even when doping levels are sim-
ilar, the absolute concentration of dopants differs from the
concentration of active dopants.® As it has been pointed
out recently,?”] complementary methods for dopant char-
acterization in individual nanowires, such as atom probe
tomography, 2] and measurements of carrier mobility
and concentration through recently-developed individual-
nanowire Hall measurements,[®¥ are necessary to achieve a
more complete picture of electromechanical behavior.

3.2. Behavior of the Contact Resistance with Strain

The two-point nanowire resistance, measured between the two
innermost terminals contacting the sample, was also recorded
as a function of strain for both metallic and semiconducting
nanowires (see the Experimental Section). This resistance
has contributions from the nanowire, the IBID and poly-
silicon interconnects, and the contact resistance between the
nanowire and the IBID. For metallic nanowires, the nanowire
and IBID resistances are negligible compared to the two-point
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Figure 4. Comparison of two-point and four-point electromechanical
measurements in silver and silicon nanowires. a) Behavior of the
contact resistance in the 65 nm silver nanowire as a function of strain.
b) Comparison of the relative change of resistance obtained using two
and four-point measurements for the 65 nm silver, and 114 nm silicon
nanowires.

resistance, and therefore the two-point measurement repre-
sents the contact resistance. For silicon nanowires, this assump-
tion is no longer true, but we can compare the relative change
in two-point resistance (ARZPOMYR>Point) with the values
obtained from the four-point measurements, as shown in
Figure 4.

The contact resistance to metallic nanowires decreases
as strain is applied to the specimen (Figure 4a), whereas the
actual nanowire resistance increases (Figure 4b). In both
metallic and semiconducting nanowires, the relative change
of resistance obtained from two-point measurements is dif-
ferent from the true relative change of resistance in the
nanowire, obtained from four-point measurements. It is pos-
sible that the contact resistance is affected by local amor-
phization of the nanowire, which could have occurred in
the area where the FIB contact was deposited. FIB-induced
amorphization has been shown to decrease the contact resist-
ance in GaN nanowires[® although for the current results it
does not explain why there is a change in contact resistance
correlated to strain as well. On the other hand, increasing
shear stresses develop in response to increasing nanowire
strain at the nanowire/contact interface. This phenomenon
may play a role in the reduction of the contact resistance as
well. Although the exact mechanism governing the change in
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contact resistance is unknown at this point, the results sug-
gest the possibility of a strain-dependent contact resistance,
which must be considered for the accurate interpretation of
two-point electromechanical measurements.

4. Conclusion

In summary, a novel microsystem for in-situ four-point elec-
tromechanical measurements of freestanding nanowires was
designed and demonstrated. The technique was validated
by carrying out in-situ electron-microscopy tests of penta-
twinned silver nanowires. Measurements of the zero-strain
resistivity were found to be of the same order of magnitude
as the bulk value, and larger for thinner nanowires in agree-
ment with prior experimental results.?>] Changes in resist-
ance with applied strain were found to be consistent with
dimensional changes predicted by elasticity and plasticity
theory.

The piezoresistance of [111] n-type silicon nanowires was
measured up to 7% strain, a level that is, to our knowledge,
unprecedented in the literature. The first order piezoresistive
coefficients were found to be of similar magnitude as the bulk
value, in agreement with recent experimental findings.['* 1]
Further studies are necessary to understand if the decrease
of the piezoresistance coefficient with size is a result of a size
effect, or a variation of the carrier concentration is also influ-
encing the behavior.

Furthermore, it was demonstrated that the two-point
measurement of nanowire resistance with applied strain is
influenced by variations in the contact resistance, and did not
represent the true changes in the specimen resistance. Although
the changes in contact resistance in an electromechanical
test may be particular to each individual setup, the experi-
mental method presented here shares some features with
other methods, namely, the use of post- growth metallization
(EBID or IBID) to establish electrical and/or mechanical
connections. If the variations in contact resistance are associ-
ated with FIB or electron-beam deposited metals, alternative
methods of contacting freestanding nanostructures should be
developed. On the other hand, if the variations are a result of
mechanical stresses, they will play a significant role in future
electromechanical characterization and will have to be con-
sidered regardless of the contacting technique. Note that not
all electromechanical measurements may be amenable for
implementation in a four-point configuration, for example,
the measurement of charge in a piezoelectric experiment.
However, our results suggest that for those cases one should
characterize the behavior of the contact resistance with
applied force or strain, or design experiments where contact
resistance does not play a role.

Finally, we have provided basic design elements for the
implementation of four-point electromechanical characteri-
zation of freestanding nanostructures, namely, i) a specimen
placed between two movable, insulating platforms or shut-
tles and ii) the patterning of two contacts at each end, which
can be incorporated into other microsystem designs. The
capability of the system of allowing TEM observation should
enable probing the structural features of electromechanical
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behavior in nanostructures in the near future. The implemen-
tation of in-situ electron microscope, four-point electrome-
chanical testing, should lead to further understanding of the
electromechanical coupling in nanostructures and associated
size effects.

5. Experimental Section

Sample Preparation: The metallic nanowires tested are FCC
silver (Ag) with a penta-twinned structure. The nanowires contain
five single crystals, where the [110] axis is parallel to the long
axis of the nanowire. The five crystals are separated by a twin
boundary in the [111] plane.[%®! The nanowires were prepared by
a chemical method in which silver particles in a precursor solution
are employed as seeds for nanowire growth. The one-dimensional
growth is stabilized by a polymer (polyvinylpyrrolidone- PVP) which
passivates the growth in the radial direction.'' The process yields
a liquid suspension of nanowires with typical lengths in the range
of 5-20 um.[67]

The silicon nanowires were grown using a hot-wall low-pressure
chemical vapor deposition (LPCVD) reactor. Growth was performed
for 15 minutes at a temperature of 460 °C and a total reactor pres-
sure of 40 Torr, using 100 and 150 nm Au nanoparticles as cata-
lysts. High-purity SiH, served as the semiconductor precursor gas,
PH; (200 ppm in He) served as the n-doping precursor gas, and He
served as the carrier gas with flows of 2, 20 and 30 standard cubic
centimeters per minute (sccm), respectively. After growth, a small
piece of the substrate was sonicated in isopropyl alcohol, yielding
nanowires in liquid suspension.

Subsequently, the nanowire solutions were drop-casted onto
TEM grids. Suitable nanowires for testing were selected and trans-
ported to the device in-situ SEM using a tungsten probe connected
to a Klocke piezoelectric nanomanipulator. The device was then
transported to a dual beam SEM/FIB system to perform the elec-
trical connections.

In the FIB system, IBID of platinum was performed with 30 kV
beam energy and 9.7-28pA current to create connections from the
highly doped poly-silicon interconnects to the nanowires.¢! Care
was taken in order to never expose the gage region of the nanowire
to the ion-beam and to expose minimally the region between the
current and voltage terminals in either side of the gage length.

Electrical Setup and Four Point Testing: A Keithley 4200 Semi-
conductor Characterization System (SCS) (current resolution
50 pA, voltage resolution 50 uV) was used to impose specific cur-
rents to the outer terminals of the sample. The induced voltage on
the two inner terminals was measured using an Agilent 34401A
Multimeter (0.1 uV voltage resolution) with a high (>10 GQ) input
resistance. All cable shields were tied to the electron microscope
chamber, providing full shielding to the experimental setup.

The four point resistance was computed as the voltage meas-
ured by the multimeter, divided by the current applied by the
Keithley SCS. For metallic nanowires, it was obtained by sweeping
current through the sample (-1 pA to 1 pA in 100 nA steps, step
duration ~30 s) and capturing the voltage value for each step of
current, for each level of strain. The voltages reported are an
average of the voltage measured during 30 s of each particular
current step. The resistance is taken as the slope of the I-V curve
to correct for any influence of thermal offset voltages, which may
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be significant for these low-resistance samples.l8! For silicon
nanowires, a current of 50nA is applied while the strain is alter-
nated between zero and the value of interest several times with an
interval of 30 s. The recorded differences of voltage are averaged
and used to calculate an average change in resistance. For
measurements of the two-point resistance, the Keithley SCS was
connected to the inner terminals and the procedures for applica-
tion of strain, previously followed for the four-point measurements,
were repeated, all while measuring current and voltage.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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