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ABSTRACT

Plasticity in as-grown gold nanowires deformed in three-point bending configuration was
studied by Laue microdiffraction. One-dimensional orientation maps of the Au crystal along
the nanowire were generated from which the deformation profile was inferred. The crystal
lattice was found to rotate continuously around the Au [211] direction, which is transverse to
the wire axis evidencing the storage of geometrically necessary dislocations (GNDs). The
analysis of the diffraction peak shape points to the activation of multiple slip systems in
contrast to the formation of wedge shaped twins predicted by MD simulations.

INTRODUCTION

Micro- and nanomechanical studies have demonstrated that the mechanical
behavior at small scales differs from the behavior of bulk materials [1]. Already in the
1950s, Brenner [2] and Herring and Galt [3] showed that microwhsikers exhibit higher



yield strengths than their bulk counterparts. Recent studies on defect scarce nanowires
even revealed ultra-high yield strengths reaching the theoretical limit of the material [4].
Most micro- and nano-mechanical tests were performed uniaxially, i.e. by tension or
compression tests. During plasticity dislocations glide through the micro- and
nanostructures before they can interact with each other in contrast to dislocation
interaction at macroscopic scales [5]. Together with the small number of pre-existing
dislocations in these small scale structures in their initial state, a high density of stored
dislocations after mechanical testing is rarely observed. For example, leading partial
dislocations with higher Schmid factors are preferentially generated in tensile tested
single-crystalline gold nanowires [6, 7, 8]. They rapidly glide through the nanowire
leaving stacking faults behind which accumulate and eventually result in the formation of
X3 twins.

In contrast to uniaxial tests, bending is more complex inducing strain gradients
in the deformed structure. At the micro- and nanoscale the mechanical behaviour of
inhomogeneoulsy strained objects is much less studied although it is of major importance
for applications in flexible electronics or micro-electromechanical systems. Recent
cantilever bending tests on micrometer sized beams that were prepared by FIB milling
revealed the storage of geometrically necessary dislocations (GNDs) in contrast to
uniaxial tests [9, 10, 11, 12, 13, 14, 15, 16]. However, reports on the plastic behaviour of
bent nanostructures are scarce. A recent work describes the elastic behaviour of Au
nanowires studied by in situ three point bending test in combination with Laue micro-
diffraction but it does not give insight into its plastic deformation [17]. The present work
details the plasticity in defect scarce gold nanowires mechanically tested in a three-point
bending configuration and characterized by Laue microdiffraction.

The outline of the paper is the following. In section 2, the experimental details
of the three-point bending tests are presented. The experimental results for plastically
deformed Au nanowires are presented in section 3, while the simplest modeling system
used for plane strain bending is revisited and compared to the experimental results in
section 4. Finally, in the last section, the results are summarized and conclusions are
drawn.

EXPERIMENTAL

Single-crystalline and nominally defect-free Au nanowires were grown by
physical vapor deposition on carbon coated tungsten or molybdenum substrates [4]. After
growth, the substrate is scratched across a pre-patterned Si surface, which contains 10
pm wide and 1.5 pm deep micro-trenches prepared by UV lithography and reactive ion
etching. Some of the randomly distributed Au nanowires cross Si micro-trenches forming
self-suspended nano-bridges. According to previous characterizations, these nanowires
grow along the Au [011] direction and typically lie with one of their Au (111) side facets
on the Si substrate, as schematically illustrated in Fig. 1(a) and (b) [17]. For avoiding any
sliding of the nanowire during mechanical testing, it is firmly clamped to the Si supports
by depositing carbon from the residual gas in a SEM chamber.
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Fig. 1: Schematic illustration of the crystalline orientation for a gold nanowire crossing a Si micro-trench: (a) Top view
and (b) side view. Optical microscopy images of a Au nanowire (c) before and (d) after plastic deformation. Note that the

AFM-tip was displaced after the three-point bending test.

Three-point bending tests were performed using a custom-designed atomic
force microscope, which has been developed for in-situ nano-mechanical tests on
synchrotron beamlines [17, 18, 19]. For alignment, the AFM-tip was firstly placed close
to the nanowire using optical microscopy rendering a precision of few micrometers (see
Fig. 1(c)). Subsequently, the AFM-tip was positioned above the center of the suspended
nanowire part by means of AFM topography images. Once the alignment was finalized,
the AFM-tip was lowered, pressing against the nanowire and, thus deflecting it. After a
pre-defined displacement, the tip was retracted until it reached its initial position. After
deformation, optical microscopy images revealed a darker section along the nanowires
which originates from the fact that less light is reflected from the plastically bent part
into the microscope objective (see Fig. 1(d)).

The plastically deformed Au nanowires were studied by Laue microdiffraction
at the French CRG-IF beamline BM32 at the European Synchrotron ESRF in Grenoble
(France). The polychromatic X-ray beam with an effective energy range from 5 to 25
keV was focused down to a size of 400 nm (H) * 500 nm (V) on the sample surface
employing a pair of Kirkpatrick-Baez (KB) mirrors [20]. The diffracted X-rays were
recorded by a MarCCD165 detector with 2048 * 2048 pixels of 80 um in size, which
were mounted at 90° with respect to the incident beam. The nanowires were located by
mapping the Au LIII fluorescence yield employing a Rontec energy dispersive detector.
Subsequently, Laue microdiffraction patterns were recorded along the wire in steps of
500 nm. Additional diffraction patterns were recorded 2 um away from the wire on the
bare Si substrate serving as background images.

RESULTS

Scanning electron microscopy images of a Au nanowire (with a width of ~640
nm, a length of ~ 41 pm, and a thickness of 90 nm) before and after loading are
presented in Fig. 2(a) and (b), respectively, revealing that the nanowire does not slide



over the Si support during the deformation process. For the following discussion, the
nanowire is subdivided into three regions R1, R2, and R3 corresponding to the three
trenches crossed by it. The load was applied in the center of R2, while the regions R1 and
R3 were left untouched. Near the upper Si support of region R2, slip traces form surface
steps with an angle o of about 120° with respect to the growth direction (see Fig. 2(c)),
while no such surface steps were found at other parts along the nanowire. Considering
the geometry of the nanowire and the calculated Schmid factors, these slip traces
correspond to the emission of dislocations on the (111) slip plane.
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Fig. 2: SEM image of a gold nanowire (a) before and (b) after plastic deformation. (c) Enlarged view around the break
point. d) Deviation angle along the nanowire for the three distinct Au crystalline directions. e) Vertical displacement

along the nanowire computed from the bending angles presented in (d).

Laue microdiffraction patterns recorded along the plastically deformed
nanowire are indexed with the LauecTools software, from which one-dimensional
orientation maps are generated. In the present work, deviation angles for the three
distinct Au crystalline directions (Au [111], Au [011], Au [211]) were selectively
calculated with respect to the reference directions at one end of the nanowire (see Fig.
2(d)). Considering the geometry of the nanowire, these three crystalline directions
correspond to the top surface direction, the nanowire growth axis, and the direction
perpendicular to the loading plane, respectively. At the positions of the Si supports,
which are marked by blue dashed lines, all deviation angles are around 0° indicating that
the nanowire remains flat and firmly clamped. While the nanowire was loaded by the
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AFM-tip neither in the region R1 nor in R3, the observed deviation angles exhibit
different behaviours in these two parts: in R1 the nanowire shows minute deformations
with all deviation angles close to 0° while in region R3 the deviation angles for the Au
[011] and the Au [111] directions exhibit a sine like variation of up to £2°. Considering
the geometry of the nanowire, this variation corresponds to a bending in the vertical
plane, which may be induced by the stress applied in the central region transmitted via
the clamping.

In region R2, the loading position is marked by the dashed line in the center of
the self-suspended part. At the right-hand side of the loading position, two data points are
missing since the diffraction intensity at these measurement positions is at the
background level. Comparing the SEM image (see Fig. 2(b)) and the fluorescence map,
the missing data points suggest that the nanowire is actually broken at the feature shown
in Fig. 2(c). The deviation angles in the vicinity to this position are close to zero
indicating that the orientation of the Au crystal is similar to its initial state. Thus, the
evidenced slip traces around this position might indicate the sliding of dislocations
through the crystal without storage. At the left-hand side of the loading position, the
bending angles for the Au [111] and the Au [011] directions exhibit similar continuous
variations with a maximum of around 20°. Much smaller angles with values less than 5°
are observed for the Au [211] direction. These findings indicate that along the nanowire
the Au crystal mainly rotates around the [211] axis being equivalent to a deformation in
the vertical plane.

Neglecting deformation caused by dislocations which escaped at the surface,
the deviation angle of the Au [111] and Au [011] directions correspond to the bending
angle of the nanowire. From the slope of the local deformation, the profile of the
complete nanowire is estimated by integrating the local deformations Az between
adjacent measurement points. The deformation profile obtained after setting the
displacements at the two ends of the nanowire to zero is presented in Fig. 2(e). While the
nanowire stays almost flat in region R1, a small upward bending of around 80 nm is
observed in region R3. In the zone where the nanowire has been mechanically loaded by
the AFM-tip, the Au nanowire bends downwards at the left-hand side of the loading
position. At the right-hand side of the loading point, the Au nanowire remains flat up to a
discontinuity at the breaking point where a height difference of ~ 800 nm is observed.

Due to the fact that the Laue microdiffraction experiments were performed after
the mechanical deformation, the elastic strain is assumed to be negligible and the found
deformations are thus solely attributed to the storage of GNDs. The crystal rotation and
nanowire deformation with respect to GNDs is further examined by analyzing the shape
of the diffraction peaks. Diffraction patterns recorded at four different positions along the
nanowire (marked by arrows in Fig. 2) are presented in Fig. 3. At the reference point, the
diffraction pattern consists of sharp and round Laue spots indicating that the non-
deformed part of the nanowire is free of stored GNDs (see Fig. 3(a)). In contrast, for the
two diffraction patterns (Fig. 3(b) and (c)) recorded at the left-hand side of the loading
position in region R2, where the Au crystal exhibits large deviation angles, strongly
streaked Laue spots are observed. The direction of the streaking agrees well with the
expected elongation directions for the plane strain bending (the rotation around Au [211]
axis), which are marked by red lines in the inset of the figures. This supports the former
observation that the nanowire mainly deforms by bending in the vertical plane which can
be simply accommodated by the [011](111) type of dislocations. However, the slight
deviation of the predicted peak positions and the significant broadening of the diffraction
peaks both indicate that the rotation around the Au [211] axis is caused by the
simultaneous activation of multiple slip systems. In the diffraction pattern recorded near
the rupture of the nanowire (Fig. 3(d)), the Laue spots are at similar positions on the
detector as for the reference diffraction pattern (Fig. 3(a)) revealing that this nanowire



part has a similar crystalline orientation as the non-deformed part. However, the slight
streaking of the diffraction peaks indicates that this section of the nanowire is not defect-
free.
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Fig. 3: Laue microdiffraction patterns taken (a) at the reference position (Y= 4.4 pm), b) at the left-hand side and c) at the
right-hand side of the largest bending angle (Y= 16.4, 17.4 um), and (d) at the right-hand side of the loading position

(Y=19.9 pum). The positions where these diffraction patterns were recorded are indicated by arrows in Figs. 2(b) and (d).

DISCUSSION

To accommodate deformation in a structure, geometrically necessary
dislocations are stored in the material where the dislocation density depends on the
activated slip systems [21]. In the case of plane strain bending, the simplest and most
energy efficient configuration is the storage of polarized edge dislocations oriented
perpendicular to the bending plane with the slip plane being parallel to the top surface of
the beam and the Burgers vector b directed along the beam axis (Fig. 4(a)) [22].
Considering the Au crystalline orientation introduced in Fig. 1, in this experiment
bending should be solely accommodated by the storage of [011](111) type edge
dislocations. At variance with this simplified case, a similar bending geometry may be
obtained by a shearing process where dislocations glide through the structure without
causing a rotation of the crystalline lattice leaving slip traces on the sample surface (Fig.
4(b)). Some recent MD simulations [23, 24] even suggest that at the nano-scale bending
may be accommodated by the formation of wedge-shaped twins similar to the ones
observed in uniaxial tension tests. These wedge-shaped twins are localized in the center
of the nanowire, and completely vanish upon the unloading leaving the nanowire almost
free of defects.
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(a) (b)

Fig. 4: Schematic views a) of the plane strain bending with the minimum stored energy, where the red lines mark the two

neighboring measurement positions and b) of the bending geometry achieved via shearing processes.

Our experimental findings, which show a continuous variation of the lattice
orientation, suggests that at 100 nm scale bending is still caused by the storage of GNDs.
The differences between the experiment and the models may be attributed to the
nucleation process, which plays an important role in the deformation of nanomaterials.
Regarding the Schmid factors for the pure bending test (see table 1), which define the
preferentially activated slip systems, the activation of the of [011](111) slip systems is
not geometrically favored. Thus, the measured slip system is different compared to the
case illustrated in Fig. 4(a). Besides, the reported nanowire deformation shows a
deviation from the vertical plane, that may be attributed to a torsion along the nanowire
which is probably caused either by the fact that the nanowire is not lying perpendicular to
the Si supports or by a misalignment of the AFM-tip with respect to the center of the
nanowire. Such kind of torsion affects the stress distribution along the nanowire yielding
a stress on the (111) planes which are in zone with the nanowire axis, thus activating the
type of edge dislocations indicated by the experimental findings. While the MD
simulated bending test is achieved by applying a rotation moment at both ends of the
nanowire, actual three-point bending tests contain points of stress concentrations at the
loading position and at the clamping, which play an important role in the dislocation
nucleation process. Consequently, in sifu experiments are necessary to characterize the
deformation profile during three-point bending tests and provides additional information
on the nucleation of the dislocations. In fact, three-point bending tests using the same
AFM as in the present work coupled with Laue microdiffraction were successfully
performed and are the topic of another publication [25].

Slip plane [111] [111] [111] [111]

Burger’s

ector [01] (To1] [I1o] | [01] [101] [110] | [011] [fo1] [110] | [011] [101] ([I10]

Schmid

0 0 0 0 0 0 0 0.408 -0.408 0 0.408 -0.408
factor

Table 1: Schmid factors calculated for the tensile side of the nanowire (tensile axis along Au [011] direction) and the

rotation axis of edge dislocations for different slip systems
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CONCLUSION

In the present work, the plasticity of inhomogeneously strained Au nanowires
tested in a three-point configuration was investigated by Laue microdiffraction. One-
dimensional orientation maps of the Au nanowire obtained from diffraction patterns
recorded all along the deformed nanowire revealed a continuous rotation of the crystal
lattice which evidences the storage of GNDs to accommodate the plastic deformation.
Peak shape analysis of the Laue diffraction spots indicates the activation of multiple slip
systems. These findings are in contrast with recent MD simulations which suggest the
formation of wedge shape twins that disappear upon unloading leaving an almost perfect
nanowire behind. The difference between the simulation and our experimental findings
are probably related to the nucleation process of the dislocations within the specimen.
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