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SUMMARY

Buckling is a loss of structural stability. It occurs in long slender structures or thin
plate structures which is subjected to compressive forces. For the structural ma-
terials, such a sudden change in shape has been considered to be avoided. In this
study, we utilize the Au nanowire’s buckling instability for the electrical measure-
ment. We confirmed that the high-strength single crystalline Au nanowire with an
aspect ratio of 150 and 230-nm-diameter shows classical Euler buckling under
constant compressive force without failure. The buckling instability enables sta-
ble contact between the Au nanowire and the substrate without any damage.
Clearly, the in situ electrical measurement shows a transition of the contact resis-
tance between the nanowire and the substrate from the Sharvin (ballistic limit)
mode to the Holm (Ohmic) mode during deformation, enabling reliable electrical
measurements. This study suggests Au nanowire probes exhibiting structural
instability to ensure stable and precise electrical measurements at the nanoscale.

INTRODUCTION

Buckling instability is an abrupt change in the geometry of a material subjected to an external force. It leads
to a considerable out-of-plane deflection in the slender features such as beam and plate. Hence, for the
structural materials, buckling instability has been considered to be avoided and prevented. In small-scale
materials, this sudden deformation becomes more important. For the nanowires and thin films which have
become essential components in advanced electronics, their buckling deformation causes imminent failure
of device, which compromises the mechanical reliability (Hsin et al., 2008; Ji et al., 2007; Kleinbichler et al.,
2018; Song et al., 2008a, 2008b; Wang and Feng, 2009).

Recently, researchers have shown that buckling instability is advantageous in new engineering applications.
The large buckling and post-buckling deformation occurring under constant stress enable the nanomate-
rials showing buckling instability to be utilized as sensors (Begley and Barker, 2007; Dobrokhotov et al.,
2008; Elvin et al., 2006; Kiyono et al., 2012), isolator (Avramov and Mikhlin, 2016; Shaw et al., 2013), and en-
ergy absorber (Cottone et al., 2012; Ramlan et al., 2012; Van Blarigan et al., 2012; Yang et al., 2009; Zhu and
Zu, 2013). Moreover, owing to the completely reversible buckling deformation, researchers have proposed
pre-buckled nanomaterials for stretchable electronics (Sun et al., 2006; Zhou et al., 2019) and microelectro-
mechanical systems (Erbil et al., 2020). In this respect, the characteristics of buckling instability combined
with the intrinsic properties of nanomaterials may open new possibilities for future innovative applications.

A nanoscale electrical measurement has been the subject of intense theoretical and experimental research
as it may provide electron transport information at the nanoscale level. However, probing electrical trans-
port on the nanoscale is inherently difficult because of solid contact problems such as nonlinear mechanical
and electrical effects. When the conventional probe, such as the tungsten (W) probe, directly contacts the
subject under a high contact force, the probe can be blunted or the sample surface can be damaged easily.
On the other hand, if the contact force is too low, the contact area between the sample and the probe be-
comes too small. It leads to a significant increase in the contact resistance and non-linear electrical effects,
which makes it very difficult to accurately measure the resistance of the sample.

Here, we use the high-strength single crystalline gold nanowires (Au NWs) exhibiting buckling instability to
demonstrate stable contact electrical probing without damaging the sample. We took advantage of the me-
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undesirable deformation. Paradoxically, the buckling of the nanowire probe leads to a very stable electrical
contact, which results in quite low and constant contact resistance. Through in situ monitoring of the electrical
transport during the electrical contact between the nanowire probe tip and the metal electrode, we found that
the transport regime changed from quantum ballistic transport to classical diffusive transport. Furthermore, to
reliably measure electrical resistance without having to worry about variation in the contact force of the probe.
By using this feature, we could measure the resistance of a small-scale area without damaging the sample.
Hence, our accurate electrical measurement by direct contact provides a robust solution for nano-scale elec-
trical measurement and furthermore will open the new possibility of scanning probe microscope.

RESULTS AND DISCUSSION
Euler buckling of Au nanowire

A single-crystalline Au nanowire (NW) in this study exhibits classical Euler buckling when subjected to
compressive loadings. We used defect-free [110] Au NWs with a rhombic cross-section bounded by four
surfaces (Hwang et al., 2015). The defect-free Au NWs were fabricated via a vapor transport method where
direction, diameter, and length can be precisely controlled by adjusting the atom flux and the reaction time
(Kangetal., 2015; Yoo et al., 2010). Figure 1A and Video S1 show a vertically standing Au NW with a diam-
eter of 230 nm and length of 35 um continuously deformed by the tungsten tip moving along the axial di-
rection of NW. This both-ends-pinned NW exhibits large lateral deflection when the tip moves downward
and subsequently recovers its straight shape when the tip moves upward. Apparently, this deflection is the
same as the buckled shape of a classical beam that has both ends pinned, as shown in Figure 1B. For more
quantitative measurement, we conducted the in situ compression test of Au NWs by fixing one end of the
NW to a tungsten tip with nanomanipulator (MM3A, Kleindeck) and the other end to a silicon cantilever of
the force measurement system (FMS, Kleindeck) (Seo et al., 2011). Figure 1C and Video S2 show a serial
snapshot of NW (diameter of 230 nm and length of 35 pm) during deformation and Figure 1D shows the
corresponding force response as a function of time. During the uniaxial compression, the Au NW shows
a clear stepwise deformation. The compression load rapidly increased from 0 to 0.33 pN at about 6 s,
and then the load remained constant. Moreover, the buckling load remained constant even during partial
unloading and reloading between 32 and 65 s, which reflects ideal buckling stability. From the Euler buck-
ling theory, the critical buckling load could be calculated as follows: (Timoshenko and Gere, 19617)

w2El
(KL)?

where F, is the critical buckling load, Eis Young's modulus of the NW (81 GPa for an Au nanowire oriented
in the [110] direction) (Seo et al., 2011), lis the area moment of inertia, L is the length of the NW, and Kis a
dimensionless coefficient known as the effective-length factor (0.5 for a wire fixed at both ends). Equation 1
gives the critical buckling load of 0.36 pN close to the experimentally obtained value (0.33 uN), suggesting
that the Au NW in this study exhibits the classical Euler buckling behavior when subjected to the compres-
sive loading. Figure 1E shows the von Mises stress distribution inside the buckled NW calculated by the
finite element (FE) model. The highest stress of 700 MPa is developed at the surface of the NW. It was re-
ported that, owing to the defect-free microstructure, the [110] Au NW exhibits a high yield strength of 1
GPa (Seo et al., 2011). Furthermore, the defect-free Au nanowire is beneficial for fatigue resistance, as
the pre-existing dislocations under cyclic loadings within elastic limits lead to the formation of intrusions
and extrusions which act as a stress concentration point for crack initiation. Accordingly, it can be deduced
that the buckling and the post-buckling deformations of Au NW in this study are reversible. Consistently, a
force response from another cyclic buckling experimentin Figure 1F (NW's diameter of 200 nm and length
of 40 pm) shows that the stepwise response is almost the same even under multiple loading and unloading.
In this case, the Au NW exhibits buckling deformation at lower compression load (0.2 uN) compared to the
AuNW in Figure 1D. Itis attributed to the different cross-sectional areas of the Au NW. Equation 1 gives the
critical buckling load of 0.19 uN for the Au NW with a diameter of 200 nm and length of 35 um. Therefore,
these results clearly demonstrate that the defect-free single-crystalline [110] Au NWs are highly flexible and
exhibit reversible Euler buckling behavior when subjected to uniaxial compressive load.

Fe = (Equation 1)

Contact resistance change by Euler buckling of Au nanowire

We now demonstrate that the Euler buckling of Au NW enables a low and stable electrical contact resis-
tance while minimizing sample damage during electrical contact probing. First, we measured the electrical
contact resistance between a bulk Au electrode and the Au NW (Figure 2). After the Au electrode and the
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Figure 1. Euler buckling of single-crystalline Au nanowire

(A) Snapshots on the deformation of a both-ends-pinned Au nanowire.

(B) Buckled shape of the classical both-ends-pinned beam.

(C and D) Snapshots on the deformation of a both-ends-fixed Au nanowire and corresponding force-time plot during the deformation (diameter of 230 nm
and length of 35 pm).

(E) Stress distribution inside the Au nanowire during the deformation.

(F) Force-time plot during the deformation of a both-ends-fixed Au nanowire under complete loading and unloading (diameter of 200 nm and length of
35 um).

Au NW with one end fixed to the tungsten tip (Figure S1) were brought into contact, the current-voltage
(I-V) curves of the system were measured at various vertical displacements of fixed end of NW (0 to
700 nm) inducing the Euler buckling (Figure 2A). Notably, the contact between the Au NW and the elec-
trode allows a rotation of NW around the contact point analogous to the pinned end, making the contact
area increases with the buckling deflection. Expectedly, as shown in Figures 2A and 2B, the buckling defor-
mation of NW is the same as the buckled shape of the fixed-pinned beam.

The more buckled the Au NW is, the lower the contact resistance is. Figure 2C shows the |-V curves of the
system at various vertical displacements. Commonly, the |-V curves are linear, but there are changes in
the slope, i.e., the total resistance of system, at | = 0.55 and 0.65 mA in the NWs buckled by the vertical
displacements of 100 and 200 nm, respectively. This resistance change is attributed to the small quan-
tum-transport contacts, which will be discussed later. Excluding the resistance change by the small quan-
tum-transport contacts, the total resistance decreases with the vertical displacement of NW. The averaged
total resistance as a function of the vertical displacement of NW in Figure 2D shows a clear trend. The total
resistance decreases from 32.9 kQ and finally approaches 60 Q at a vertical displacement of about 300 nm.
The measured resistance consists of the contact resistance and the intrinsic resistance of the Au nanowire,
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Figure 2. Contact resistance of single-crystalline Au nanowire during Euler buckling deformation

(A) Snapshots on the deformation of a fixed-pinned Au nanowire during electrical measurement.

(B) Buckled shape of the classical fixed-pinned beam.

(C) I-V curves in the nanowire measured at various vertical displacements inducing Euler buckling of nanowire.
(D) Resistance of system at various vertical displacements.

which depends on the diameter and length of the nanowire. Thus, the contact resistance can be isolated by
subtracting the intrinsic resistance of the Au nanowire from the total resistance. The intrinsic resistance in
the Au nanowire was about 24.08 Q, which was measured using a nanoscale four-point-probe method
directly contacting nanoprobes at an Au nanowire (Figure S2). The change in resistance in Figure 2D, there-
fore, is attributed to the decrease in the contact resistance.

The decrease in contact resistance reflects the nanoscale-specific nature of contact resistance. Specifically,
metal-to-metal contact poses numerous restrictions against electrical conduction because of the nano-
scale roughness of the contact interface. At a nanoscale contact, two types of contact resistance can arise
depending on the contact radius of the probe tip: Sharvin contact resistance which is associated with bal-
listic electron transport, and Holm contact resistance which is associated with diffusive electron transport.
The Sharvin contact resistance (Rspanin) is analytically given as (Sharvin, 1965),

Rsharvin = % (Equation 2)
where p is the resistivity, 4 is the electron mean free path, and a is the contact radius. The Holm contact
resistance (Ryoim), on the other hand, is derived based on the classical Maxwell equation as (Holm, 1967),

Ruoim = 2%) (Equation 3)
In both regimes, the resistance decreases with increasing contact area. However, the contact radius be-
tween the probe tip and the surface is the main criterion for transitioning from Sharvin to Holm contact
resistance. The Sharvin contact resistance occurs at the diffusive limit of electron transport where the con-
tact radius is considerably smaller than the electron mean free path. However, if the probe tip is pressed
against the electrode surface so that the contact radius becomes larger than the electron mean free
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Figure 3. Change in contact resistance of single-crystalline Au nanowire induced by contact area change during Euler buckling deformation
(A) Finite element mesh and crystallographic orientation of Au nanowire.

(B) Simulation of ideal buckling behavior of an Au nanowire that contacts a bulk Au electrode.

(C) Calculated relation between the contact force and the down displacement.

(D) A relation between the contact resistance and the contact force of single-crystalline Au nanowire.

path of the medium, the electron transport through the contact should be treated as a classical Holm con-
tact. Quantitative analysis of the change in resistance enabled us to assess the electron transport regime
during buckling. The contact radius is a function of contact force at the probe tip according to classical con-
tact mechanics. Hence, without loss of generality, Equations 2 and 3 can be combined into Equation 4 to
give the relation between the contact resistance (R) and the contact force (F.), which is the compressive
force applied to the nanowires (Mikrajuddin et al., 1999; Vandamme, 1974).

R = f(FC)OC% (Equation 4)

In particular, the exponent of the relation is a fingerprint for differentiating between the Holm and Sharvin
contact resistances. The exponent becomes 1/3 for Holm resistance and 2/3 for Sharvin resistance for an
elastically deformed spherical contact. On the other hand, the exponent is 1/2 for Holm resistance and 1
for Sharvin resistance for a plastically deformed spherical contact. We applied the above criteria, assuming
that our nanowire probe tip was spherical.

As our experimental system could not be used to simultaneously perform force and electrical measure-
ments, we need to establish the relationship between the vertical displacement of NW and the correspond-
ing contact force, which is equivalent to the compressive force applied to the nanowire. To do so, we
constructed the FE model based on the actual geometry of Au NW (Figure 3A). In the model, the Au
NW shows a rhombic cross-section and a round-end. Figures 3B and 3C show how the contact force of
NW changes with the vertical displacement. Owing to the Euler buckling instability, with increasing vertical
displacement, the contact force sharply increases and then becomes plateau.

Once the calculated relation between the vertical displacement of NW and the contact force is combined with
the experimentally measured electrical resistance from buckled Au NW in Figure 2D, the relation between the
contact resistance and contact force is given. As shown in Figure 3D, the contact resistance decreases with
increasing compressive force, as expected as the contact area increases. When nonlinear regression was
applied to the data points, the exponent in Equation 4 was initially 1.17, which corresponds to the Sharvin resis-
tance for the plastic deformation of the contact. Furthermore, for a given applied initial load range, the contact
radius can be estimated to be approximately 2 nm, which is smaller than the mean free path for Au which is
approximately 8-13 nm (Jankowski and Tsakalakos, 2000). Thus, the initial contact exhibits Sharvin resistance.
In contrast, the rate of resistance change decreases to a smaller extent with increasing applied load, so the
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exponent decreases to 0.54, representing the Holm contact regime (Figure 3D). Compared to the previous
studies (Erts et al., 2000; Useinov et al., 2020), the transition from the Sharvin to the Holm regime in this study
is more abrupt owing to the limited datapoints. Nevertheless, the data points show a clear enough trend to
distinguish the contact regime and determine the transition. The change in the resistance regime can also be
confirmed by the |-V curves in Figure 2C. The |-V curves for the Sharvin resistance regime (for vertical displace-
ments of 100 and 200 nm for the nanowire probe) exhibit nonlinear behavior in contrast to those for the Holm
resistance regime. The nonlinear behavior of small electrical contacts is a characteristic of small quantum-trans-
port contacts (Hibbitt, 1984; Underwood and Mulvaney, 1994). Electrical current does not uniformly flow through
metal-to-metal contacts but concentrates at many tiny spots where the two metals intimately contact. It has pre-
viously been reported that for initial tiny contacts, so-called “quantum-point contacts,” these tiny spots thicken
with increasing electrical current, which results in a nonlinear |-V curve for the nanowire. Once the nanowire finally
reaches the critical buckling load of 0.04 pN, the change of the Holm resistance is negligible, as shown in Fig-
ure 3D, because the buckling of Au nanowire results in low constant stress under 10 MPa during electrical mea-
surements as shown in Figures 1D and 1F (stress was calculated by dividing the compression load by the area of
AuNW). Notably, according to Equation 1, as the length of NW increases or the diameter of NW decreases, the
critical buckling load decreases, meaning that the NW is less likely to damage the contact material. Especially,
the AuNWs with thinner cross-section may show more stable and reversible buckling deformation compared to
that with thicker cross-section owing to the size effect on the yield strength (Figure S3) (Seo et al., 2013). However,
it should be considered that the longer or thinner the NW is, the more difficult it is to control the NW as a probe.
Therefore, for practical usage, the geometry of NW should further be optimized. In this study, itis confirmed that
the mechanically unstable buckling deformation of NW can be utilized to reliably measure the resistance without
having to worry about variations in the contact force of the probe and sample damage.

Electrical measurement utilizing Au nanowire with Euler buckling instability

Now, we demonstrate that the stable electrical measurement at nanoscale is achievable by utilizing the Au
NW that shows Euler buckling instability. Figure 4A shows a representative nanoscale electrical measure-
ment of a silver flake using the conventional tungsten tip as a reference. We applied voltage to measure the
resistance of silver flake. The corresponding V-l curve in Figure 4B shows that the voltage linearly increases
with the current but also shows noticeable noises and slope changes. The noise may decrease by increasing
the contact area between the tungsten tip and the silver flake. However, it leaves damages in the silver flake
(Figure 4C). Figure 4D shows severe damage of the tungsten tip that may occur while trying to secure suf-
ficient contact area by applying excessive force. The excessive force may damage the tungsten probe as
well as the specimen (even fractured). On the other hand, the electrical measurement using Au NW leaves
no damage to the sample and the NW, ensuring accurate and stable measurement. This is because in the
buckled NW the contact stress is constant to below 10 MPa with increasing contact area. Figure 4E shows
that the buckled Au NW is pinned to the silver flake. Accordingly, the corresponding V-1 curve in Figure 4F
shows clear linearity without any noticeable noise. This implies that we can take advantage of the mechan-
ically unstable buckling deformation of the Au NW to reliably measure the resistance without having to
worry about variations in the contact force of the probe and sample damage. For the practical resistance
measurement, the Au NWs can be utilized as a probe for the four-point method on nanoscale (Considering
a Joule heating leading to melting of Au NW, the maximum voltage that can be applied is 1 V). The low
contact resistance originating from the Holm contact regime and the low force exerted on the specimen
from the buckled Au nanowire enables reliable nanoscale electrical measurements.

The stable electrical measurement resulting from the buckling instability of NWs suggests that the findings of
this study can be extended to other NWs such as Ag, Pt, Si, and ZnO as well, while the Au NW has advantages
of high electrical conductivity, defect-free microstructure, corrosion/oxidation resistance, and biocompati-
bility. To further increase the applicability to various engineering fields, time- and cost-consuming steps in
fabrication such as metal deposition and ion beam milling in this study, can be replaced by adopting a direct
growth of NWs on the nano-manipulator or a force-sensing cantilever (Kang et al., 2015; Yoo et al., 2010).

In conclusion, we systematically quantified the buckling behavior of Au NW and characterized their contact
resistance under compressive loading. Our dislocation-free, single-crystalline Au nanowire did not fail, and
showed classical Euler buckling with extremely reversible. During compressive deformation in the Au nano-
wire probe, the contact area increased with increasing load, resulting in a decrease in contact resistance.
The electron transport at contacts initially was quantum transport exhibiting Sharvin contact resistance. As
an increasing amount of load was applied to the probe tip, classical diffusive transport dominated because
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Figure 4. Electrical measurement utilizing conventional tungsten tip (A-D) and Au nanowire (E and F) with Euler
buckling instability

A) SEM image of silver flake and conventional tungsten tip for the electrical measurement.

B) I-V curves measured by tungsten tip.

D) SEM image of tungsten tip before and after the electrical measurement.
E) SEM image of silver flake and Au nanowire for the electrical measurement.

(
(
(C) SEM image of silver flake after the measurement.
D)
(
(F) I-V curves measured by Au nanowire.

the Holm contact has the lowest resistance. After a minimum amount of load was applied to the probe tip,
buckling-assisted deformation enabled a stable contact area to be maintained because of the constant
buckling load. The Sharvin to Holm transport phenomena owing to the buckling of the conductive Au nano-
wire SPM probe enables electrical properties to be reliably measured at the nanoscale.

Limitations of the study

This study demonstrates the potential of Au nanowires as stable electrical probes. To increase the appli-
cability, the fabrication process and the geometry of nanowires need to be further optimized.

STARX*METHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
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O Data and code availability
o METHOD DETAILS

O Cyclic buckling test of Au nanowire probe
O The electrical measurement process of Au nanowire probe

O FE analysis
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Force measurement FMS-EM Sigma-Aldrich https://www.nanotechnik.com/fms-em.html

Electrical measurement B1500 Keysight https://www.keysight.com/de/de/products/

parameter-device-analyzers-curve-tracer/

precision-current-voltage-analyzers/

b1500a-semiconductor-device-parameter-analyzer.html

Software and algorithms

Abaqus Standard Ver. 6.10 Simulia https://www.3ds.com/products-services/simulia/products/abaqus/
Origin 2019 OriginLab https://www.originlab.com/2019
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Prof. In-Suk Choi (insukchoi@snu.ac.kr).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Data reported in this paper will be shared by the lead contact upon request. This paper does not report
original code. Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

METHOD DETAILS

Cyclic buckling test of Au nanowire probe

The various buckling behavior modes of the nanowires were investigated by compressing free-standing Au
nanowire (Mov. S1) and Au nanowires fixed at both ends (Mov. 52) at a compression rate of 1.9 x 1077 m/s.
The buckling load of the nanowires that had both ends fixed was measured using the Si-cantilever-based
force measurement system (FMS-EM, Kleindiek). One end of an Au nanowire was first attached to a com-
mercial tungsten probe for the nanomanipulator (MM3A, Kleindeck), and e-beam assisted Pt deposition
was then used to weld the other end of the Au nanowire onto the Si cantilever. The ends of the Au nanowire
were subsequently compressed at a rate of 1.9 x 10~/ m/s.

The electrical measurement process of Au nanowire probe

To investigate the electrical contact resistance of the Au nanowires during buckling, we contacted the Au
nanowire to the surface of a bulk Au electrode and subsequently measured |-V curves during buckling
(B1500, Agilent and STA, Keysight). All experiments were conducted using the FEI DualBeam™
microscope.

FE analysis

We conducted FE analysis on the Euler buckling deformation of Au nanowire using general FE analysis soft-
ware (ABAQUS/Standard (Ver. 6.10), Dassault Systémes, Vélizy-Villacoublay, France). The deformation of
the Au nanowire was assumed to be linearly elastic. We established a 3D model based on the actual ge-
ometry with adaptive meshing.
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