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Current-induced restructuring in bent silver
nanowires¥

Nitin M. Batra, €@ Ahad Syed® and Pedro M. F. J. Costa
A number of metallic one-dimensional nanostructures have been proposed as interconnects for next-
generation electronic devices. Generally, reports on charge transport properties consider low current density
regimes in nanowires (or nanotubes) with intrinsically straight configurations. In these circumstances, direct
observations of the interconnecting nanofilament electrical failure are scarce, particularly for initially crooked
structures. Here, the electrical and structural responses of suspended silver nanowires exposed to increasing
current densities were analysed using in situ transmission electron microscopy. At low rates of bias application,
initially straight nanowires showed trivial behaviour up to their breakdown, with electromigration and gradual
necking taking place. By contrast, these nanowires with an initially crooked configuration exhibit a mixed set
of responses which included string-like resonance and structural rearrangements. Remarkably, it was observed
that restructuring does not necessarily compromise the transport function of these interconnectors. Hence,
initially crooked nanowires could import higher resilience to future nanoelectronic devices by delaying cata-
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1. Introduction

To understand the physical and chemical properties of one-
dimensional (1D) nanoparticles, it is necessary to analyze
them both at the level of the isolated component and of the
aggregate. With respect to the latter, pressing a sample of nano-
wires (or nanotubes) into a pellet (or film) and measuring, for
instance, its electrical properties is a trivial task. The same,
however, cannot be said for individual nanoparticles. Probing
these requires specialized instrumentation such as conductive
atomic force microscopes, scanning tunneling microscopes or
nanomanipulators integrated in probe stations."® Powerful as
they may be, these tools lack the breadth necessary to study an
individual nanoparticle in its different physicochemical aspects
(composition, structure, properties, etc.). In this respect, and for
the last three decades, the transmission electron microscope
(TEM) has evolved into a tool of excellence for the characterization
of nanomaterials where the range and amount of extractable
information/data have been continuously expanding as more
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strophic breakdown of interconnectors subjected to unexpected current surges.

detectors and techniques are coupled to it.” " This includes elec-

trical probing which, presently, can be performed alongside
mechanical, chemical and structural analyses.>* An example of
how to conjugate electrical manipulation with mechanical essays
was described by Costa et al. when individual carbon nanotubes
filled with Ga-doped ZnS were voided of their content, via direc-
tional Joule heating, and their elastic modulus estimated before
and after this change.">®

Bulk Ag is known for its high electrical conductivity, good
chemical stability and resilience against electromigration.”
When scaled down to nanowires (NW), it is possible to fabri-
cate meshes that work as an electrically-conductive (and trans-
parent) layer in flexible devices such as touch panel
displays,'®*?° light emitting diodes,*** fuel cells,**2® solar
cells,””*° soft robotics actuators,®® electromagnetic inter-
ference shielding,®" energy storage systems*>* and nanogen-
erators.”® Further to this, Ag NWs have been proposed as inter-
connectors for next-generation electrical devices.*®

In the numerous cases highlighted above, a critical aspect
to consider is the response of Ag nanowires to prolonged elec-
trical stress and associated failure mechanisms. Several
reports have addressed this issue but, invariably, experiments
were performed in straight, column-type 1D nanostructures (or
assumed to be).**"*° However, this does not reflect entirely real
systems as Ag NWs can have large aspect ratios and show
undulated shapes (i.e. initially crooked configurations), par-
ticularly when mixed with polymers or when suspended in a
bridge-like disposition (i.e. between two electrodes). It is also
known that bending stresses can alter the physical properties

This journal is © The Royal Society of Chemistry 2019
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of nanowires and their composites.*’** Accordingly, the ana-
lysis of Ag NW-based composite films (such as those proposed
for flexible electronics) should ideally include electrically-
stressed 3-point flexural assays.**™*°

Herein, the electrical response and current-induced break-
down of suspended Ag NWs were studied using in situ TEM.
Besides identifying several modes of deformation and failure,
these discrete-level experiments revealed how differentiated
the behavior is dependent on the initial shape of the intercon-
necting nanowires.

2. Experimental section

Metallic Ag nanowires dispersed in isopropyl alcohol (IPA)
were procured from Sigma-Aldrich (CAS #7440-22-4). The powder
X-ray diffraction (XRD) pattern was recorded on a Bruker D8
Advance using a 2° min~" resolution, with the sample prepared
by releasing multiple drops of the NW suspension onto a low-
background XRD holder. For Raman spectroscopy, an Alpha
300RA spectrometer (WITec, GmbH), with a 532 nm laser source
and a 100x objective lens, was employed. Scanning electron
microscopy (SEM) analysis was performed on a Quanta 600 (FEI
Company, Inc.). TEM structural and spectroscopic analyses were
carried out on an FEI Titan G> CT microscope operating at 300
kv. The images and videos were collected using a 4k x 4k
UltraScan™ (Gatan, Inc.) charged-coupled device (CCD), using
exposure of 0.05 to 0.1 s. Videos were recorded in the so-called
“live mode” of the Gatan camera and the screen recording soft-
ware Snagit (TechSmith Corporation) was activated to register
them. Energy-dispersive X-ray spectroscopy (EDX) was performed
on the FEI Titan G*> CT microscope with an EDAX detector.

For in situ TEM electrical probing studies, the as-received
Ag NWs were further diluted by adding additional IPA (Sigma-
Aldrich, CAS #67-63-0) and then drop-cast onto custom-made
TEM chips (Fig. S11).*” The two-probe electrical measurements
were performed with an Aduro TEM holder (Protochips, Inc.)
mounted on the FEI Titan G* CT. The bias voltage was applied
while current data were collected over time and the overall re-
sistance was calculated in tandem. For this, a Keithley 2611
(Tektronix, Inc.) source-measurement unit (SMU) was used. All
in situ electrical stress experiments were carried out in the
environment of a TEM column, ie. with exposure to a high-
energy electron beam (here, 300 keV) and under high vacuum
(~107° Pa). Raising the electron beam dose (within the normal
interval associated with medium- to high-resolution TEM) did
not influence the response type of the interconnecting Ag NW.
still, for all assays, steps were taken to minimize the influence
of the imaging beam.

3. Results

3.1 Ag nanowires as interconnects

The as-received sample consisted of Ag NWs with various
lengths, on the order of tens of micrometers (15-60 um), as
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shown in Fig. 1a. The range of diameters was large (from 65 to
195 nm) and followed a tailed Gaussian-like distribution with
an average diameter close to 95 nm (Fig. 1b). High-resolution
imaging revealed that the NWs were covered with a very thin
layer, commonly <5 nm (inset in Fig. 1b). This is expected as
the literature is consistent in stating that these coatings
protect metallic silver nanoparticles from aggregation, cor-
rosion and other surface reactions.*®*® Selected area electron
diffraction (SAED) patterns were collected to analyse the crys-
talline structure of the Ag NW. For the most part, these had
penta-twinned cross-sections, as confirmed from the patterns
showing the overlapping of the [001] and [112] zone axes
(Fig. 1c). This kind of complex SAED diffraction pattern is a
well-reported feature of Ag NWs grown along the (110)
direction.’®™? The elongated diffraction spots are assigned to
the presence of elastic strain in the nanowire. In addition to
this, the penta-twinned cross-section and face-centered cubic
(fce) structure of the Ag NWs were corroborated by the SEM
(Fig. S2a-ff) and XRD (Fig. S2gf) analyses, respectively. The
chemical purity of the 1D nanoparticles was confirmed by
EDX, as shown in Fig. 1d. As for the coating, Raman spec-
troscopy identified it as carbon-based (Fig. S2hft). Likely, the
profusion of peaks between 1050 and 1750 cm™" derives from
polyvinylpyrrolidone (PVP), a common surface protecting
agent used in the solution-based synthesis of Ag NWs.”>** Of
note, the organic shell was sensitive to Raman’s laser beam
and, at more than 1 mW of power, it underwent carbonization.
The change is visible in the post-exposure spectrum (Fig. S2ht)
where two distinct peaks appear, and these correspond to the
well-known D- and G-bands present in carbon materials.’>”°

Using drop-casting, the Ag NWs were suspended from Pt
electrodes and positioned over the through-holes of the
custom-made chips (Fig. 1le). To absorb excess liquid, filter
paper was placed underneath. Upon taking the chips for SEM
imaging, it was observed that a good number of them hosted
bent nanowires (Fig. Sict). This can be justified by the effect
of surface tension: an increasing downward force is exerted on
the suspended nanowire as the IPA evaporates or gets
absorbed by the filter paper. After drying, the chips were taken
to the TEM where they were analysed electrically in a two-
probe configuration (Fig. 1e). The voltage was first swept from
0 to 100 mV to infer the total electrical resistance of the nano-
wire-electrode system (the bias was kept purposely low to avoid
Joule heating). Consistently, the current-voltage (I-V) curves
were linear, identifying the 28 devices probed as Ohmic-type
(Fig. 1f). Given that the typical contact resistance of Ag NWs
with metal electrodes is <20 Q,%**” i.e. much lower than the re-
sistance (R) of hundreds of ohms measured for the present
systems (cf. Table S17), this term was overlooked when calcu-
lating the resistivity (p) of the interconnecting wires (eqn (1),
where A refers to cross-sectional area and [ to length):

R XA
p=— (1)

As listed in Table S1,} the resistivity varied between 1.1 x 1077
and 5.0 x 10" Q m. The average of these, 3.1 x 1077 Q m, is
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(a) Bright-field TEM image of the as-received Ag nanowires; (b) frequency distribution of the Ag nanowire diameter; the height of the bar rep-

resents the number of nanowires and the width of each bar is 10 nm, inset: a representative high-resolution TEM image showing a thin organic
coating on the Ag NW surface; (c) SAED pattern of a section of an individual Ag nanowire, the yellow and blue boxes mark the set of diffraction
spots from the overlapping zone axis [001] and [112], respectively; (d) EDX spectrum of the Ag nanowire (the Cu originates from the TEM sample sup-
porting grid); (e) TEM micrograph of Ag NW-1 suspended between two Pt electrodes, along with the schematic setup for electrical measurements;

(f) two-probe -V curve of the system in (e).

comparable to the values reported in the literature (Table S2+).
Still, this is one order of magnitude higher than the resistivity
of bulk Ag (1.6 x 10~® © m)°® which can be justified consider-
ing the size effects, structural defects and, as mentioned
above, the presence of a carbonaceous shell.?”2%36:59

3.2 Breakdown of initially straight Ag nanowires

In electrical stress studies of 1D nanostructures, the rate at
which the applied bias is incremented can considerably
change the outcome of the experiment.'***® To evaluate this,
fast- (>20 mV s™') and slow-rate (<20 mV s~ ") in situ TEM elec-
trical probing experiments were carried out on initially straight
(or almost straight) Ag NWs. When using a fast-rate regime,
the interconnect breakdown took place suddenly and resulted
in sectioning of the nanowire. In these cases, two opposite seg-
ments were observed with “drop-like” tips (an example, NW-2,
is shown in Fig. S3 and Video 1}). By contrast, the slow-rate
approach induced a different behaviour, as illustrated with
NW-3 in Fig. 2a. When the bias was applied (7 mV s™'), the
current flowing through the nanowire gradually increased
(Fig. 2b). Throughout, a gradual drop in resistance was seen.
One reasoning is the slow annealing of contacts.’”®*™® In
addition, electromigration and Joule heating may have
induced stress which resulted in a slight displacement of the
nanowire/contacts (as seen by the downward movement sig-
nalled with the red line position marker in Fig. 2a). In this
system, necking occurred and, at 2.1 V (7.5 mA), the nanowire
failed (see Video 2t). “Needle-like” tips were observed (Fig. 2¢
and d) and the breakdown point was closer to one of the elec-
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trodes (Fig. S4t). Note that for both regimes (slow- and fast-
rate), breakdown did not necessarily take place at the mid-
length of the nanowires, an observation that concurs with the
literature and often explained by pinning of hot-spots due to
structural defects or localized lattice strain.®**

3.3 Breakdown of initially crooked (bent) Ag nanowires

Observing that slow bias rates provided better control over the
dynamics of the interconnect breakdown process, this
approach was adopted to study the response of bent Ag NWs
to electrical stress. In the following, and besides nanowire sec-
tioning, different types of behaviour are described ranging
from string-like resonance (elastic deformation) to re-crystalli-
zation (plastic deformation).

3.3.1 Buckling. In Fig. 3a, a 12 um long nanostructure
(counting from the edge of the electrodes) with 98 nm dia-
meter is seen. This interconnecting nanowire (NW-4) has a
radius of curvature of approximately 6 pm (note: before acquir-
ing the image, the object was tilted to ensure that its 2D pro-
jection would represent the maxima of length/bending).
Knowing that the relationship between the bending strain (¢)

and the radius of curvature (R.) can be expressed by
e=r1/(r+Re), (2)

where r is the radius of the nanowire, it is possible to further

estimate the bending stress (o) initially presented by
c=E Xxeg,

3)

where E is the Young’s modulus.

This journal is © The Royal Society of Chemistry 2019
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(a) Time series (panels |-1V) TEM micrographs of the NW-3 breakdown, in this (and following figures of the article), the thick red line acts as

a position marker; (b) voltage vs. time curve with output datasets of current and resistance; (c, d) high magnification TEM micrographs after break-
down of NW-3, the solid and empty red arrows refer to panel IV in (a) and point to the sectioned ends of the nanowire.

While the Young’s modulus of bulk Ag is 84 GPa,® for Ag
NWs with diameters ranging from 80 to 120 nm, this value
varies between 70 and 100 GPa.”"®”°® Given the diameter of
98 nm for NW-4, by assuming E = 80 GPa, its estimated
bending strain and stress were 0.82% (+0.1%) and 654 MPa
(£80 MPa), respectively. As the bending strain is roughly half of
the reported yield figure for bulk Ag (1.5%)>' and one-fourth
of the bending strain of Ag NWs (2.5-5.2%),">*®*? plastic
deformation was not expected for this nanowire with an
initially crooked configuration.

In tandem with video-recording, electrical probing data
(voltage, current) were collected and processed in real-time
(resistance). With an initial resistance of 467 Q, NW-4 was sub-
jected to a monotonic increment of applied bias starting from
0 Vand up to 1V, at a rate of 10 mV s~ (Fig. 3b). With the
exception of a small drop during the first few seconds (likely
due to contact adjustment), the overall resistance of this
system remained constant for 35 s (blue curve in Fig. 3b).
Then, for about 5 s, another resistance drop occurred, possibly

This journal is © The Royal Society of Chemistry 2019

from the completion of contact curing.?® Just before buckling
(ca. t = 63 s), the resistance rose (as shown in Fig. 3a, the con-
figuration of the nanowire was still stable). Immediately after
(t =65 s, ~0.75 V), NW-4 thinned and buckled close to the left
electrode (panel IV, Fig. 3a, and Video 31). The mechanical
failure resulted from a significant structural change, as illus-
trated by the before (Fig. 3c) and after (Fig. 3d) TEM micro-
graphs. The formation of a hillock close to the anode and
small voids near the cathode (Fig. S51) indicated the occur-
rence of electromigration, a common phenomenon in metallic
interconnects subjected to electrical stress.’®®*®> However,
and in contrast to the straight nanowires, there was no abrupt
separation of segments after breakdown. The analysis in
Fig. 3¢ shows that the diameter of NW-4 necked to a minimum
of 70 nm in the elbow region. Furthermore, a small gap origi-
nated (inset in Fig. 3d) but the disjointed wire was kept in
place due to the organic coating acting as a restraining sleeve
(at this stage, carbonized due to Joule heating). The final resis-
tance of NW-4 was about 16 kQ, indicating the role of the

Nanoscale, 2019, 11, 3606-3618 | 3609
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(a) Time series (panels 1-1V) TEM micrographs of the Ag NW-4 response; (b) voltage vs. time curve with output datasets of current and resis-

tance; (c, d) TEM micrographs of the bent NW-4, before and after buckling, respectively. Inset of (d): a magnified view highlighting the carbon sleeve

that restrains the sectioned ends of the nanowire.

carbon shell (viz. nanowire gap) as an alternative but much
less efficient path for conduction of electrons. It should be
stated that throughout the plastic deformation process, NW-4
did not move at the contact regions (¢f. Fig. S5a and S5bf).
3.3.2 Buckling preceded by resonance. The length of the
Ag NW suspended section was dependent on the width of the
custom-made trenches in the excavated Si wafers. In Fig. 4a,
NW-5 had a measurable length of 20 pm (i.e. twice longer than
NW-4), a diameter of 85 nm and a radius of curvature of 12 um
(bending strain = 0.35 + 0.1% and bending stress = 283 + 80
MPa). As soon as the bias was applied, this interconnect
moved at its apex (see panels I-III in Fig. 4a, the red line was
added as a position marker). With further bias increase, NW-5
started to vibrate (panel IV, Fig. 4a), resembling the first har-
monic mode of a string; the resistance stabilised at 586 Q (¢t =
20 s, 0.4 V). From 20 to 28 s, the amplitude of the vibration
seemed to decrease and the arc flattened (panels IV-VI,
Fig. 4a). At t = 30 s, the arc started to move downwards indicat-
ing a shift to a string-like third harmonic mode (panel VII,
Fig. 4a). Cancelling the applied bias (and current) immediately
halted the vibration. The nanowire returned to its initial con-

3610 | Nanoscale, 2019, 11, 3606-3618

figuration (i.e. panel I, Fig. 4a) with no signs of plastic defor-
mation (Fig. 4b). The electrical datasets and video recording
for this first bias cycle are given in Fig. 4c and Video 4,7}
respectively.

Following the above, NW-5 was electrically stressed until it
failed. The electrical datasets and video recording for this
second bias cycle are given in Fig. 4d and Video 5,f respect-
ively. As expected, the response was equal to that of the first
cycle up to t = 30 s. However, and soon after (¢ = 42 s, 0.85 V),
an inversion of the apex direction took place confirming the
existence of a second overtone (panel X, Fig. 4a). The entire
sequence indicates that the suspended nanowire acts as a res-
onant string with the first and third harmonic modes pinned
at 20 s and 42 s, respectively. Interestingly, the first overtone
was not observed, possibly due to the rigidity of the contacts
that impair large phase changes at the nodes of the
interconnect.

Continuing with the second cycle, and after ¢ = 42 s, the
electromigration of Ag became more prominent. Failure of
NW-5 occurred with a current injection of 1.3 mA (panel XI,
Fig. 4a and S67). Notwithstanding, this interconnect kept con-

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) Time series TEM micrographs of the Ag NW-5 response; the experiments were performed in two cycles with panels 1-VI relating to the

first cycle and panels 1-XIl to the second one; (b) high-magnification TEM micrograph of the nanowire after the first cycle; (c, d) voltage vs. time
curves with output datasets of current and resistance curves for the first and second cycles, respectively; (e) high-magnification TEM micrograph of

the sectioned area in NW-5, j.e. after completion of the second cycle.

ducting charge (albeit with a much higher resistance, 15 kQ).
High-resolution imaging of the failure section shows the pres-
ence of a corrugated graphene-like film after the segmentation
of the core Ag nanowire (Fig. 4e). Just as for NW-4, besides
acting as a sleeve and keeping the Ag segments close-by, this
carbonaceous fragment offered an alternative path for the
transport of electrons (explaining the similar values of post-
failure resistance for NW-4 and NW-5, see Table 1).

3.3.3 Buckling with retention of electrical function. In the
above examples, the two bent nanowires (NW-4 and NW-5)
failed when exposed to an excessive current density but the
connection between the electrodes was retained (due to the

presence of the carbonaceous coating). However, the electrical
conductance changed drastically, thereby limiting the charge
transport function of the nanowire. As shown below, this is
not always the case since some bent Ag NWs can retain their
functionality despite undergoing structural rearrangements
(a.k.a. “restructuring”).

Initially, the Ag NW-6 seen in Fig. 5a had an estimated
bending strain and stress of 0.64 + 0.1% and 516 + 80 MPa,
respectively. As the applied bias increased, the curved nano-
wire was slightly displaced from right to left (panels I-III,
Fig. 5a and Video 67). At t = 37 s (panel II, Fig. 5a), the current
density passing through the radial cross-section of the 120 nm

Table 1 Dimensions, estimated bending strain/stress and resistance values before and after the restructuring step for NW-4 to NW-7; the number-

ing (#) follows that of Table S1

Diameter Length Radius of Bending Bending stress Resistance before Resistance after
NW-# (nm) (pm) curvature (pm) strain (+0.1%) (+80 MPa) restructuring (Q) restructuring (Q)
NW-4 98 12 6 0.82% 654 467 15750
NW-5 85 20 12 0.35% 283 560 15465
NW-6 120 22 9 0.65% 516 520 7061
NW-7 85 30 8 0.53% 425 320 360

This journal is © The Royal Society of Chemistry 2019
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(a) Time series (panels I-1V) TEM micrographs of the Ag NW-6 response; (b—d) magnified view of the deformed “knot-like” region where

shear bands and associated twins are visible (some of these are marked with thin red parallel lines); (e, f) voltage vs. time curves with output datasets

of current and resistance for the first and second cycles, respectively.

2 A few seconds later

wide interconnect was 8.8 x 10° A cm~
(t = 40 s), the nanowire failed and its arc collapsed (panel IV,
Fig. 5a). In contrast to all previous cases, the connection to the
two electrodes was retained without gaps in the core Ag (i.e. no
segmentation). Remarkably, the interconnect was entirely
restructured in the failure zone (Fig. 5b-d). The plastic defor-
mation, induced by electrically stressing the Ag nanowire, not
only shortened the interconnect but also formed a “knot-like”
section in it. Electron diffraction patterns collected from this
section (Fig. S71) demonstrate that the long-range crystalline
order was lost due to the inclusion of defects commonly
associated with shear bands (dislocations, twins, etc.).

Throughout the first bias cycle, the current flowing through
NW-6 followed the same trend as that in the previous examples
(Fig. 5e). However, when the second cycle was performed (i.e.
after restructuring), the resistance readings of NW-6 were
much lower than the analogous ones for NW-5 (Fig. 5f). In
fact, whereas the resistance increased from 560 Q to ~15 kQ
for NW-5, this difference was considerably smaller for NW-6
(from 516 Q to ~7 kQ).

When compared to NW-4 and NW-5, the lower post-failure
resistance achieved by NW-6 indicated that a non-sectioned,
restructured Ag NW interconnect could retain a higher degree

3612 | Nanoscale, 2019, 11, 3606-3618

of charge transport capability. Further investigation confirmed
and expanded on this observation. With a length of 30 pm and
a diameter of 85 nm (panel I, Fig. 6a), NW-7 had an estimated
bending stress of 425 + 80 MPa (for an initial bending strain of
0.53 + 0.1%). Soon after the bias application (¢ = 16 s), a
section of the nanowire started to vibrate in a first-order mode
(panel II, Fig. 6a and Video 7). Unlike NW-5, this was not
centred at the apex of the bent nanowire but rather in its half-
length closer to the anode (i.e., the electrode on the right, not
shown). It is interesting to note that the resonant behaviour is
pinned to a place on the nanowire where a couple of small frag-
ments are located (the section marked with a black arrow in
Fig. 6a and magnified in Fig. 6b). Their presence may have
locally damped the vibrations, which would imply a high sensi-
tivity of this resonant system to foreign bodies. Further to this,
the vibration was intermittent as it would stop (e.g. ¢t = 33 s,
panel III in Fig. 6a) and re-initiate, during the same bias cycle,
in the presence of a higher current density (e.g. ¢t = 93 s, panel
IV in Fig. 6a). The discontinuity may be understood if, beyond
the fundamental frequency, higher order vibration modes were
partly frustrated due to the short length of the resonant section.

As concerns the transport of charge, and up until the nano-
wire failed and re-structured, the current increased monotoni-

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a) Time series (panels I-VI) TEM micrographs of the Ag NW-7 response during the first cycle of the applied bias; the arrows mark sections

mentioned in the following panels and main text; (b) TEM micrograph of the region marked with a solid black arrow in (a), panel |, inset: magnified
view of the boxed area; (c) voltage vs. time curve with output datasets of current and resistance for the first cycle; (d) TEM micrograph of the region
marked with a solid red arrow in (a), panel VI, inset: a magnified view of the boxed area; (e) voltage vs. time curve with output datasets of current
and resistance for the second bias cycle; (f) TEM micrograph, taken after the second cycle, of the region marked with an empty red arrow in (a),
panel VI, inset: magnified view of the boxed area showing segmentation of the nanowire.

cally with the applied bias (first cycle, Fig. 6c). The curves of
the first cycle proceeded in two stages: first, from t =0 s to ¢t =
175 s, the rate used was 1 mV s™*; then, from ¢ = 176 s to 390 s,
the rate was 1.7 mV s~". Steps in the ramps can be seen which
corresponded to periods of constant bias application. This was
done to follow the stability of NW-7 under constant bias or
observe the interconnect in more detail (to take high-
resolution TEM micrographs, for instance). Interestingly,

This journal is © The Royal Society of Chemistry 2019

between ¢ = 55 s and ¢ = 270 s, the resistance rose continuously
from 281 Q to 320 Q. Still during this first cycle of bias appli-
cation, at ¢t = 270 s (which corresponded to a current flow of
1.30 mA, Fig. 6¢), a sudden drop in resistance was observed.
This was accompanied by a very visible change in the shape of
the nanowire (panel VI, Fig. 6a). Similar to NW-6, there was no
segmentation of the interconnect, with restructuring taking
place instead (Fig. 6d). However, while NW-6 underwent

Nanoscale, 2019, 11, 3606-3618 | 3613
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extensive plastic deformation, the structural rearrangements at
the failure section of NW-7 were less conspicuous (section
marked with a solid red arrow in panel VI, Fig. 6a).
Nonetheless, and as seen from the inset of Fig. 6d, the crystal
order of the nanowire changed to that of a polycrystalline
material. Overall, the restructured region of NW-7 resembled
other junctions made by the welding of two different nano-
wires.”®?? Again, shortening of the interconnect occurred with
a reduction in the length of more than 3 pm.

To test the functional integrity of the restructured NW-7
interconnect, the bias was applied a second time (Fig. 6e).
Remarkably, the resistance of the system stood at 360 Q, which
is a value similar to that before the mechanical failure (320 Q).
This observation implies that the contacts remained electri-
cally and structurally stable, with the restructured region
accounting for the 40 Q increment. With an additional bias
increase, the current flowing through the device reached a
maximum value of 1.25 mA. At this point, the nanowire broke
down (t = 290 s). As shown in Fig. 6f, this occurred via necking
and segmentation, resulting in the formation of sharp tips
akin to those seen in post-breakdown straight nanowires (cf.
NW-3, Fig. 2). Most interestingly, the location of failure was
not where the mended part was (marked with a solid red arrow
in panel VI, Fig. 6a, see also Fig. 6d) but in another section of
the nanowire (empty arrow in panel VI, Fig. 6a, see also
Fig. 6e). This implies that, upon the restructuring phase, the
nanowire “self-healed” and the section where the polycrystal-
line knot appeared was no longer the “weakest link” of the
interconnect.

4. Discussion

Even though there is a body of literature that delved into the
electrical breakdown mechanisms of Ag NWs, the dynamics
and variables affecting this are not yet entirely clear due to the

Ag nanowire
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lack of real-time, high-resolution analysis of individual nano-
wires. It is consensual, however, that Joule heating and electro-
migration are the two main driving forces of this process.

From the results above, it is evident that there is a range of
responses from suspended Ag NWs acting as interconnects
between two metal electrodes with equal work-function (Pt/Pt).
These responses can be categorized according to the initial
configuration of the nanowires, whether straight or bent, and
the rate at which the bias is applied (Scheme 1).

4.1 Straight Ag NWs

Our experiments show that if the suspended nanowire has an
initially straight configuration then its breakdown will occur in
one of two ways: (1) segmentation with the formation of “drop-
like” ends or (2) segmentation with “needle-like” ends
(Scheme 1). The case is simple as it is clearly dependent on
the rate at which the threshold of current density of the inter-
connect is approached: fast-bias will lead to a “drop-like” seg-
mentation whereas slow-bias will induce necking before break-
down. These observations concur with the literature. For
instance, Ag NWs were utilized as resistive heaters to grow ZnO
NWs in a liquid medium. For currents >8 mA, Yeo et al.
reported Joule heating occurring in the Ag NW and a rapid
breakdown in a “drop-like” fashion.®® On the other hand,
“needle-like” breakdown of Ag NWs has been repeatedly
observed and explained by the current-driven migration of
atoms (and/or vacancies), these taking place preferentially
around grain boundaries or via surface diffusion.*®*®*® vafaei
et al. found breakdown points of the welded nanowire at con-
tacts, primarily due to Joule heating at nanowire-nanowire
and nanowire—electrode junctions.”® However, in that work,
the Ag nanowires were not suspended, rather in contact with a
Si substrate. The influence that the rate at which the bias is
applied was also mentioned by Hadeed et al® In addition,
these authors stated that the location of breakdown along the
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length of the interconnect can differ and will depend on the
type of substrate, contacts, work-function and conductivity of
the electrodes as well as the medium surrounding the nano-
wire. In the present work, while there is no substrate-effect
(suspended nanowires) and the medium is vacuum, the
bending stress is also an important variable to consider.

4.2 Bent Ag NWs

As expected, the suspended Ag nanowires bearing an initially
crooked configuration had a more complex set of responses
(Scheme 1). Besides breakdown, the bent interconnects
showed two interesting phenomena: resonance and
restructuring.

With regard to the first, it was possible to induce a string-
like resonant behaviour in a number of nanowires. This
phenomenon was non-intentional and, when occurred, pre-
ceded the restructuring and breakdown phases. As far as we
could observe, it did not result in plastic deformation nor did
it change the contact regions of the interconnect. It is known
that resonance in nanostructures can be induced by electro-
static forces,”’””" electromagnetic forces,”> opto-thermal
effects”® or electron beam exposure.”*”® During our experi-
ments, the energy of the electron beam (300 keV) and the mag-
netic field created by the electromagnetic lenses in the TEM
remained unaltered. On the other hand, the current passing
through the Ag NW was continuously increased. Note that
the resonance before elastic deformation was reversible, as
observed for NW-5, so we can rule out the possibility of charg-
ing induced resonances. In these circumstances, as the initial
stages of resistive (or Joule) heating and electromigration
developed, it is logical to assume that strain in the Ag lattice
was gradually altered and that this changed the overall
stiffness of the nanowire.”®’® Consequently, due to the
varying internal stresses, different shapes may emerge as a
mechanism to accommodate, elastically, the tension in the
interconnect subjected to resistive heating. In this sense, the
suspended nanowire can be considered as a string under
tension. In addition to the role of current, the force exerted by
the 300 keV electron beam, with a particle velocity and
momentum of 3.25 x 10° m s~ and 2.95 x 107>* N s, respect-
ively, will certainly contribute to trigger a particular mode of
vibration. In conclusion, the observed resonances such as
those observed for NW-5 and NW-7 (with cross-sectional areas
of 1.7 um® and 2.55 pm?, respectively) occur when the bent
interconnect is electrically stressed to a point that its physical
interaction with the constant electron flux (e.g. via momentum
transfer) promotes the release of lattice strain build-up
through a reversible shape change (elastic deformation).

Restructuring was another interesting phenomenon that
preceded breakdown in bent Ag NWs. In the Results section,
four representative examples of different restructuring modes
are described. The main characteristics of these nanowires
(NW-4 to NW-7) are listed in Table 1 (in total, 10 bent nano-
wires were studied in a sample population of 28 interconnects,
see Table S17).

This journal is © The Royal Society of Chemistry 2019
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From Tables 1 and S1,T the initial resistance for the 28
nanowires analysed fell majorly in the interval of 250-750 Q.
Recently, Bernal et al. derived a relationship between resis-
tance and strain for suspended nanowires:*’

R(e) = Ro + [Ro(1 + 2v)]e, (4)

where ¢ is the calculated bending strain, v is the Poisson ratio
(which for Ag nanowires is 0.37)*° and R(¢) and R, are resis-
tance values that are calculated at the initial bending strain
and an idealized zero strain situation, respectively. Taking
NW-7 as an example, R(¢) and R, were 320 Q and 317 Q,
respectively. Hence, and considering the interval of the esti-
mated strain values listed in Table 1 (0.3-0.8%), it is plausible
to state that the bending strain did not exert a significant
influence on the initial electrical resistance of these intercon-
nect-electrode systems.

As mentioned above, Joule heating and electromigration
can, in the first stage, alter the mechanical strength of metallic
interconnects. Beyond this, and as the current density passes a
threshold value that is NW-specific, softening of the intercon-
nect is expected, followed by melting. In the present work, the
Ag NWs started to melt when subjected to a current density on
the order of 10° A ecm™>. At this stage, and considering the
slow-rates of applied bias, the bent interconnects invariably
underwent a structural rearrangement (plastic deformation).
Though the final configuration obtained was not uniform,
restructuring can be reasoned as a (non-reversible) mechanism
to relax the strained nanowires as it allows them to approxi-
mate the “straight nanowire” configuration. In this sense, and
while constituting a failure event, this phenomenon did not
necessarily compromise the function of the nanowires in
transporting charge. For this reason, a distinction needs to be
made between restructuring and breakdown for bent intercon-
nects. As proposed in Scheme 1, breakdown refers to full seg-
mentation of the nanowire resulting in two distant and well-
separated segments (i.e. without contact between them).

During the restructuring phase (which precedes break-
down), the presence of the carbonaceous coating is critical.
When carbonised, due to resistive heating under vacuum, it
has a dual role since it offers an alternative path for charge
conduction (albeit with a much lower conductivity than the
metallic Ag) and acts as a stabilising sleeve that delays full seg-
mentation. Logically, upon further increments of applied bias,
these linking carbon layers will reach their current density
threshold and disintegrate (leading to breakdown of the NW,
as defined). In these cases where the rearrangement did not
result in the formation of gaps along the Ag nanowire, the
restructured region showed knots with varied degrees of crys-
talline order. In cases such as that of NW-6 (Fig. 5), the knot
included several shear bands and twins, both characteristic
features of metals deformed plastically by compressive
forces.”®8° More remarkably, in situations such as those of
NW-7 (Fig. 6), smaller crystalline grains condensed along the
knot which enabled the preservation of electrical conductivity
in the interconnect. It is not clear what factors localize the
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rearrangement but it is possible that fatigue and location of
structural defects in the initial nanowire (whether closer or not
from the electrodes, for instance) could play an important role.
As for the re-crystallisation stage, the directionality of the relax-
ation, strength of the carbonaceous sleeve and/or the rate of
heat dissipation could account for how fast the molten Ag
re-solidifies and what the final shape/length of the knots is.
Finally, past the restructuring phase, the initially crooked
nanowires will break in a similar way to the straight ones.
Here, the point of segmentation will be either the carbon
bridge (as there will be no contact through the Ag segments)
or, in the case of NWs such as NW-6 and NW-7, some other
locations outside the knot region.

5. Conclusions

Suspended Ag nanowires (acting as interconnects) were
stressed electrically, inside a TEM, to the point of structural
breakdown. Depending on their initial configuration and the
rate at which the bias was applied, the nanowires showed
different mechanisms of electrical and mechanical failure. For
straight interconnects, the behaviour was akin to classical
metallic wires subjected to high current densities with
phenomena such as electromigration and necking observed in
real-time. In these cases where the suspended nanowires were
initially crooked (with bending strain and stress between
+0.30-0.80% and 283-654 MPa, respectively), different failure
responses were observed. Under the combined effect of high
current density and bending stress, the crooked nanowires
underwent structural rearrangements that, in the first stage,
avoided full segmentation (or breakdown). The integrity of the
connection was (partly) safeguarded by a carbonised shell
enveloping the Ag nanowires. Remarkably, the restructuring
event (plastic deformation) did not forcibly undermine the
electrical function of the interconnect. In some instances, the
conductivity of the “mended” nanowire was close to its orig-
inal values. In addition to this, resonance was also identified
in bent Ag nanowires. When present, it invariably preceded
the structural failure (restructuring) and breakdown phases.

While the above observations may be applicable only in a
vacuum environment, the identification of resonance and
restructuring in bent Ag nanowires could have important
implications in the design and fabrication of flexi-transparent
conductive films and nanoelectronic devices based on these
1D nanostructures.
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