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ABSTRACT

Defect-free AuAg alloy nanowires have the potential to be used in various plasmonic devices due to
their superior chemical stability and broad applicable range of wavelengths. Alloyed nanowires have
different stacking fault energies that can result in different deformation behavior compared to single
element nanowires; however, an in-depth analysis of such material system is yet to be explored. In
this study, defect-free single crystalline AusAgz alloy nanowires are synthesized by topotaxial
growth method and tested in tension using an in-sifu pico-indenter. Deformation twinning that results
in superplastic deformation of alloy nanowires is experimentally observed. The critical dimension of
AusAgy alloy nanowires at which transition from ordinary plasticity to deformation twinning
occurs?, is experimentally determined to be ~333 nm, which is about 2 time larger than that of Au
nanowires. Stacking fault energy, which is the key element determining the deformation mode, of
AusAgy alloy nanowires is 21 mJ/m? which is smaller than that of Au nanowire with stacking fault
energy of 31 mJ/m* The decrease in the stacking fault energy in the case of the alloy nanowires
resulted in stabilization of deformation twinning to a larger critical dimension before transitioning to

ordinary plasticity.

TEXT

1. Introduction

As the technological limitations on handling nanoscale materials are diminished, attempts to
employ such materials into industrial use are being made in a wide range of applications. One of the
application field is plasmonic devices such as solar cells, nano-antennas, nano-biosensors, and etc., in
which surface plasmon resonances on the nanoscaled metal surfaces by incident light enhance the
device performances.*"? In order to obtain highly efficient plasmonic devices, it is critical to achieve

an ultra-smooth metal surface.'> '* Although nanostructured surfaces fabricated by conventional top-



down lithography methods are widely used in plasmonic devices, the inevitable surface imperfections
or multi-crystalline defects limit the efficiency of the plasmonic devices fabricated in such a way. On
the other hand, single-crystalline metal nanowires fabricated by bottom-up methods are noted to have
great potential for the use in advanced plasmonic devices for their surface roughness limited to the
atomic scale without significant defects. For this reason, several studies have been conducted for the
use of metal nanowires in plasmonic devices.'* '* Two of the most popular materials employed in
plasmonic devices are Au and Ag, which however show both some limitations: Ag nanowires are
prone to ambient contamination by oxidation while Au nanowires suffer from a limited wavelength
range for excitation. To overcome such restrictions, topotaxial grown AuAg alloy nanowires are
proposed for their superior ambient stability compared to pure Ag as well as a broader range of

wavelengths compared to pure Au for inducing the plasmonic effect.'®

Another aspect in the fabrication of metal nanowires for photonic applications concerns the
control over their mechanical properties. Until now, most studies regarding the deformation behavior
of nanowires have been conducted on single element nanowires, which is expected to differ from an
alloy system.'”?° For example, the superplastic deformation by partial dislocation mediated plasticity

or deformation twinning was observed in defect-free [110] Au nanowires with {111} free surfaces

under tensile loading."” The sequential creation of leading partial dislocations (bza/ 6(11 Z)) on

adjacent crystallographic planes resulted in generation and propagation of twins along the direction of
the tensile loading that enabled a larger elongation of beyond 40% compared to typical Au. Such

deformation twinning was shown to be highly dependent on the dimensions of the nanowires,*" %

SO
that a critical dimension has been defined at which the deformation mode transits from deformation
twining to ordinary dislocation plasticity. The stress required to create leading partial dislocations is
smaller than that required for ordinary dislocations due to the smaller Burgers vectors of leading
partial dislocation. However, the additional stress needed to form stacking faults for twin formation by

leading partial dislocations becomes dominant in a nanowire with dimension larger than the critical

dimension, which ultimately limits the deformation twinning. Therefore, one of the main factors in



determining the twin formation in metal nanowires is their stacking fault energy, which is variable

depending on the selected material. That relation is also analytically defined as

:20(u(bN—bP)bP

D ) )
¢ Ysr

where D¢ is the critical dimension, a is 0.5 for edge dislocations, fﬂ is the shear modulus, ysr is the
stacking fault energy, and by and by are the magnitudes of the Burgers vectors for ordinary and leading
partial dislocations." *"**?* Concerning [110] Au nanowires, the stacking fault energy is 31 mJ/m?*
resulting in a calculated critical diameter around 30 nm, to be compared with the experimental value

around 170 nm."

Once two metals form the alloy, the stacking fault energy is calculated to be in the range between
the values of the individual metal components depending on the composition of the alloy. Simply, as a
rule of thumb, the AuAg alloy nanowires with composition ratio of 50:50 will have stacking fault
energy of 24.5 mJ/m?*, where stacking fault energies of Au and Ag are 31 mJ/m* and 18 mJ/m’
respectively.” The decrease in stacking fault energy will result in the increase in critical dimension as
expected, according to the equation (1). For more precise prediction, the expected critical dimensions
of AuAg alloy nanowires can be calculated and plotted for the different alloy composition ratio using
the reported stacking fault energy values obtained by DFT calculation in the reference study by
Kaufman e al®, as shown in Figure 1. Indeed, the stacking fault energy decreases as the weight
percentage of Au in AuAg alloys decreases, which increases the calculated critical dimension for
deformation twining. For example, an AuAg alloy nanowire with composition ratio of 30:70 has
stacking fault energy of 21 mJ/m?, which corresponds to a critical dimension of around 45 nm. This
calculated value is around 1.5 times larger than that of pure Au nanowires, which, in other words,
implies that deformation twinning will be stabilized to a larger critical dimension before transitioning
to ordinary plasticity in the alloyed nanowires in comparison to single element nanowires. In this
study, we performed in-situ tensile tests of AusAgy alloy nanowires and experimentally confirmed
that the deformation twinning of alloyed nanowires occurs even in much larger dimension compared

to that of single element nanowires.
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Figure 1. Estimated stacking fault energy and the corresponding calculated critical dimensions of
AuAg alloy nanowires plotted for various Au weight percentage.

2. Experimental

2.1.  Synthesis of AuspAgy alloy nanowires

The AusAgy alloy nanowires are synthesized by using a topotaxial growth method.'® Single
crystalline Au nanowires are grown epitaxially onto SrTiO; substrate with (110) orientation by using
conventional vapor transport method. Relatively low range of Au atom flux (Ar flow rate about 100
sccm) is utilized for vertical growth of the Au nanowires. After the Au nanowires are synthesized, Ag
vapor is supplied while maintaining the substrate temperature at 800 °C. The time of Ag vapor flow is
used to control the ratio of Au to Ag. In this study, Ag vapor supply time of 5 min is chosen for the
synthesis of AusAgy alloy nanowires. The fabricated AusAgz nanowires are then analyzed using
various techniques to confirm their compositions. The high resolution transmission electron
microscopy (HRTEM) and corresponding fast Fourier transform (FFT) pattern images (Tecnai G2 F30
S-Twin (FEI)), as shown in the Figure 2(a) and (b), confirmed that the AuspAg nanowires are single
crystalline grown in [110] direction. The selected area diffraction (SAD) pattern image (Figure 2(c))
and TEM line energy dispersive X-ray spectroscopy (EDS) (Figure 2(d)) analyses further confirmed

the crystallinity of the AusAgr alloy nanowires.
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Figure 2. Analysis of fabricated AusAgy alloy nanowires. (a) HRTEM image, (b) FFT pattern image,
(c) SAD pattern image and (d) TEM line EDS

2.2. In-situ tensile test using PTP

The fabricated AusAgr alloy nanowires are loaded onto Push-to-Pull (PTP) device (Hysitron)
using optic-probe station. First, a tungsten tip is used to apply a small amount of epoxy onto sample
loading section of the PTP. Then, a separate tungsten tip is used to pick up a vertically grown AuspAgzn
nanowire and transferred to the PTP. As the epoxy hardens, the Aus;Ag, NW is fixed onto the PTP
device. Finally, the PTP device is mounted onto 90° angled holder for in-situ tensile testing using
pico-indenter (Hysitron, PI-87), as shown in the Figure 3 (a). Flat punch tip with diameter of 13 pm is
used to indent the rounded head of the PTP, which initiates the movement of the mobile part of the
PTP device to translate the indentation loading into tensile loading at the nanowire mounted area, as
shown in the Figure 3 (b). Because each of the PTP devices have their own stiffness values, the pure
load applied onto the nanowire can be calculated by subtracting the PTP load, which is the value
measured after the nanowire fracture, from the total load. From the load-displacement data measured
by indentation using PTP device, stress-strain curve can be plotted using the initial length and cross-
sectional surface area of the nanowire. /n-situ SEM images and the stress-strain results on the tested

nanowires are shown in the next section.
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Figure 3. (a) PTP mounted onto 90° holder for indentation using pico-indenter, (b) schematic of PTP
device, (c) loaded AuspAgs NW onto the mounted section of the PTP device.

3. Results and Discussion
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Figure 4. Schematic illustrating the orientation change when deformation twinning occurs in a
AusAgy nanowire.

The AusAgr nanowires used in this study are grown in [110] orientation and have {111} side
surfaces as shown in Figure 4. When deformation twinning occurs and propagates along the length of
a nanowire, the crystallographic orientation changes from [110] to [100] and the free surface
orientation changes from {111} to {111}, which tilts the nanowire by around 18° away from the axis
of un-twinned nanowires.'” ?* Therefore, the most direct and clearest method to observe the
deformation twinning is to monitor the orientation change of the nanowires during the tensile
deformation. In order to confirm the deformation behavior of AusAgy alloy nanowires, in-situ tensile
tests were performed with AusAgy alloy nanowires with varying diameters ranging from 319 nm to

486 nm inside a SEM chamber using the PTP setup introduced in the above section. In our previous



report, the critical dimension of Au nanowires was experimentally observed to be ~170 nm, above
which ordinary dislocation plasticity occurred accompanying the localized necking followed by
sudden failure." Therefore, the tensile tests were performed on nanowires with diameter larger than

~170 nm.

Snapshots during the in-situ SEM tensile deformation of AujAgn alloy nanowire with the
diameter of 319 nm are shown in Figure 5(a). Interestingly, the AusAgz alloy nanowire clearly
showed a superplastic behavior via deformation twinning up to 35% before being unloaded even
though the dimension of the alloy nanowire was much larger than the critical dimension of Au
nanowires, ~170 nm. Instead of localized necking and sudden fracture, which is expected for the Au
nanowires with similar dimensions, deformation twinning started at around 4% strain and propagated
along the length of AusAgr alloy nanowire as indicated by the white arrows in the Figure 5(a). Post-
deformation analysis provided further evidence for the deformation twinning of the alloy nanowires.
Figure 5 (b) shows the TEM image of the AusAgy alloy nanowire with the diameter of 319 nm after
the tensile test, where section A and B indicated by white circles corresponds to the un-twinned and
twinned regions. TEM analysis confirmed that the diffraction patterns of the twinned and un-twinned
regions have the expected twin orientations as indicated in the inset of Figure 5(b). During the
deformation twinning, the Au30Ag70 nanowire’s thombic cross-section with {111} free surface re-
oriented to the rectangular cross-section with {111} free surfaces and the nanowire’s orientation also
changed from [110] to [100], which resulted in a reduction of the nanowire diameter and different

diffraction patterns between twinned and un-twinned regions.
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Figure 5. (a) In-situ tensile testing SEM images of AusAgy alloy nanowire and (b) post-deformation
TEM image of the twinned AusAgy alloy nanowire.

Stress-strain plot of the AusAgy alloy nanowire with the diameter of 319 nm is shown in Figure
6. The elastic limit of the alloy nanowire is measured to be 3.93%, which matches the results from
previously reported experimental studies on Au nanowires with the same orientation as the alloy
nanowires analyzed here."” Once the twinning is initiated upon passing the elastic limit, sudden drop
of stress occurred, followed by plastic deformation at much lower stress via propagation of twins. The
yield stress, at which the onset of twin propagation occurred, is measured to be 1.20 GPa, which is
relatively closer to the theoretical strengths of Au (1.8 GPa) and Ag (2.4 GPa)* compared to bulk
strengths of Au (110~230 MPa) and Ag (140~380 MPa).”® The high experimental strength of the
nanowire is attributed to the defect-free state of the AusAgr alloy nanowires, where significantly
higher stress is required for the nucleation of leading partial dislocation for twin formation from the
surface. It is known that Au and Ag have similar atomic radius of ~0.14 nm.* In addition, the lattice
spacing of the AusyAgy alloy nanowires in [110] direction was measured to be 0.144 nm (Figure 2(a)),
which is very close with those of Au and Ag. Therefore, significant lattice distortion in the defect-free
alloy nanowires will not occur and thus measured yield strength values similar to those of pure Au or
Ag are expected. However, once the twin propagation is initiated, the stress needed for plasticity is

significantly reduced because the nucleation of initial leading partial dislocation created slip step at



the surface of the nanowire where local stress concentration occurred upon continuous tensile loading
of the nanowire, which, in turn, resulted in much easier nucleation of subsequent leading partial
dislocations on adjacent planes. The evaluated Young’s modulus from the elastic region of the stress-
strain curve in Figure 6 is measured to be 35.7 GPa, which is comparable to the expected values of Ag
(84 GPa) and Au (78 GPa).*® The difference in Young’s modulus of the tested alloy nanowires from
the theoretical values of Au and Ag might be resulted from the misalignment of alloy nanowires on
PTPs. Therefore, there might be a small gap between the experimentally determined critical

dimension for deformation twining in this study and that of samples tested in an ideal condition.
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Figure 6. Stress-strain curve of AusyAgy alloy nanowire tested under tension using PTP system.

Deformation modes of the AuspAgy alloy nanowires with different diameters are summarized in
Table O1. The critical dimension of the AusAgs alloy nanowires, where the deformation mode
transitions from deformation twinning to ordinary dislocation plasticity, was experimentally observed
to be ~333 nm. The critical dimension of AusAgz alloy nanowire is around 2 times larger than that
observed for the Au nanowires with identical crystalline structure. The increased critical dimension
can be attributed to the decrease in stacking fault energy as described in the above sections. According

to the equation (1), the stress needed to nucleate the leading partial dislocation accompanying the



formation of stacking fault become larger than that needed to nucleate the ordinary dislocation as the
diameter of nanowires increases beyond the critical dimension. Therefore, the critical dimension for
deformation twinning can be increased by lowering the stacking fault energy of the material system.
In the case of the AuspAgy alloy, the stacking fault energy is ~1.5 times smaller than that of pure Au,
as shown in Figure 1, which consequently resulted in a two-fold larger critical dimension as
experimentally observed in this study. Thus, thanks to an increased critical dimension for deformation
twinning that enlarges the possibilities in the selection of nanowire dimensions to be utilized, the alloy
nanowire system can represent an option for applications involving the use of nanowires in devices
requiring high deformability along with high chemical stability. The difference in sidewall orientation
of nanowires causes a different surface energy that acts as an energy barrier for twin deformation.
Therefore, the critical dimension will vary as the sidewall orientation of alloy nanowires is changed,
the study on the deformation behavior of metal nanowires with different sidewall orientation will be

the topic of our future work.

AuAg Alloy NW Diameter 319 nm 333 nm 486 nm 537 nm

Deformation Deformation Ordinary dislocation ~ Ordinary dislocation

Deformation Mode .. .. .. .
twinning twinning plasticity plasticity

Table 01. Summary of different deformation modes of AusAgrnalloy nanowires with various

diameters.

4. Conclusions

In this work, we have demonstrated for the first time that the alloyed nanowires show different
deformation twinning behavior compared to single element nanowires because of the difference in
stacking fault energies. Topotaxially grown AuspAgr nanowires with varying diameters were tested in
tension using in-situ using PTP devices. We observed that AuspAgz; nanowires with a ~319 nm

diameter undergo a deformation via twinning, showing superplastic deformation up to 35 % strain



before being unloaded. The expected change in orientation of the nanowire from [110] to [100] during
deformation twinning was further confirmed by TEM analysis. Defect-free AusAgr alloy nanowires
also showed high strength of 1.20 GPa, which is closer to the theoretical strengths of Au and Ag
compared to their bulk strengths. By performing in-situ tensile tests, the critical dimension for
transition from deformation twinning to ordinary plasticity was confirmed to be 333 nm, which was
~2 times larger than that of previously reported single element Au nanowires with same geometry.
The increased critical dimension was attributed to the decrease in stacking fault energy in the alloy
system that stabilized deformation twinning up to larger critical dimensions. Therefore, such alloy
nanowires showing the superplastic deformation at much larger dimension than single element
nanowires can be proposed for diverse applications requiring high strength and deformability as well

high chemical stability.
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