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ABSTRACT Theoretical studies exist to compute the atomic arrangement in gold
nanowires and the influence on their electronic behavior with decreasing diameter.
Experimental studies, e.g., by transmission electron microscopy, on chemically synthesized
ultrafine wires are however lacking owing to the unavailability of suitable protocols for
sample preparation and the stability of the wires under electron beam irradiation. In this
work, we present an atomic scale structural investigation on quantum single crystalline gold
nanowires of 2 nm diameter, chemically prepared on a carbon film grid. Using low dose
aberration-corrected high resolution (S)TEM, we observe an inhomogeneous strain distribu-

tion in the crystal, largely concentrated at the twin boundaries and the surface along with the

presence of facets and surface steps leading to a noncircular cross section of the wires. These structural aspects are critical inputs needed to determine their

unique electronic character and their potential as a suitable catalyst material. Furthermore, electron-beam-induced structural changes at the atomic scale,

having implications on their mechanical behavior and their suitability as interconnects, are discussed.
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anoscale gold has been a material

of interest for decades owing to its

large and controllable variation of
functionality depending on its shape, form
and size." 3 It has been exploited suitably
in various fields of application including
catalysis, optics, plasmonics and biotech-
nology.*™® Gold nanowires of molecular
scale dimensions are of fundamental as well
as technological interest owing to their
tunable electrical transport characteristics
which can lead to ballistic conduction. The-
oretical models predict the onset of quan-
tized conductance upon decrease of the
wire diameter and a deviation of its struc-
ture from bulk, implying a structural depen-
dence on the electron transport charac-
teristics.”® This quantization effect due to
downsizing is a direct consequence of their
electronic states which are dependent on
their atomic structure. These tunable elec-
tronic properties open up possibilities for
the exploitation of Au nanostructures as
highly active catalysts”'® and sensors,
where the mechanism is electron sen-
sitive'' and structure dependent.'? Several

KUNDU ET AL.

protocols are reported for wire synthesis in
solution;'*~'® however, exploring/exploiting
them remained challenging until the
growth of single crystal ultrafine wires
(~2 nm diameter) with [111] growth direc-
tion could be achieved in a controlled way
on various substrates.'”” This controlled
synthesis allowed to probe the electronic
properties of such fine wires and it was
demonstrated that ultrathin Au nanowires
of ~2 nm diameter exhibit an insulating
state, unlike metallic bulk Au, due to a
strongly correlated electron transport
mechanism.'® However, a detailed structur-
al investigation has not been reported to
date. Atomic level defects acting as scatter-
ing barriers'® or any morphological changes
induced by interaction with the substrate
could largely influence the electron trans-
port behavior.?®?' Besides, surface strain
can be induced in the crystal upon down-
sizing, influencing its electronic properties
and hence its catalytic behavior as demon-
strated for twinned Au nanoparticles.? It is
therefore essential to investigate the stabil-
ity and structural characteristics of these
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wires down to an atomic scale. This not only is of
fundamental interest, but also provides critical insights
into its potential as a promising molecular scale elec-
tronic material for different applications.

Aberration-corrected Scanning Transmission Electron
Microscopy ((S)TEM) is a state-of-art technique to inves-
tigate crystal structures and extract information atom-
by-atom.? Before aberration-correction was implemen-
ted in TEM, it was necessary to obtain a phase image by
exit wave reconstruction, enabling the elimination of, e.
g., delocalization effects in the amplitude image due to
lens aberrations, to obtain a precise determination of
atomic column positions.>* With the onset of aberration
correction, atomic columns can be imaged at their
correct positions for extremely thin specimens like
nanowires, allowing atomic column positions to be
estimated directly from the acquired HRTEM images,
without the need for a through focal series and exit
wave reconstruction. We exploit this technique to thor-
oughly investigate the atomic structure of the ~2 nm
thin gold nanowires. The extreme fragility and beam
sensitivity of the wires make structural characterization
by microscopy challenging; however, with low dose and
an energy filtered mode of operation, it has been
possible to obtain atomic resolution and quantification
of the deviations from the bulk FCC lattice. The beam-
induced structural changes are, on the one hand un-
desirable, but on the other hand, they provide informa-
tion on the stability and the bonding in such ultrasmall
systems. They are important in understanding the me-
chanical behavior of the wires. High-angle annular dark
field STEM (HAADF-STEM) imaging has been performed
on the wires to confirm the external morphology as well
as the internal atomic structure; it reveals the presence
of atomic scale surface steps and the presence of distinct
facets leading to a noncircular cross section.

RESULTS AND DISCUSSION

The molecular scale wires of 2 nm diameter were
grown directly on a carbon film (~3 nm thick in the
thinnest areas) coated on a Cu mesh grid following a
protocol described in our recent report.'” In this case,
the grid was placed on a 1 cm x 1 cm glass slide and
covered with Teflon tape to leave only a portion of
carbon exposed to the reaction medium. Oleyl amine
reduces Au(lll) precursor to Au(0) which nucleates in
the medium and on the carbon film. We followed the
method in which an intermediate cleaning step for the
substrate is involved after nucleating the Au particles
at 95 °C;? this removes the excess oleyl amine on the
substrate and leaves a monolayer capping on the Au
particles. The substrate with Au was redipped in the
solution containing fine Au particles and the wire
growth takes place by an oriented attachment me-
chanism in this step when ascorbic acid is added at
40 °C. This protocol leads to pristine wires suited for
high resolution (S)TEM imaging which otherwise is
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Figure 1. (a) Bright field TEM image of a bunch of ultrafine
Au nanowires grown directly on a thin carbon film. (b—d)
High resolution aberration-corrected TEM micrographs
of (b) a thin wire end, (c) middle, and (d) a thicker wire
segment, respectively. In all cases, the growth direction is
[111] as confirmed from the d-spacing of 2.3 A along the
length. Under the overfocus imaging conditions used, the
Au atomic columns are imaged as bright contrast. (e) High
resolution HAADF-STEM image of a wire segment. The
regions considered for quantitative analysis are marked
with white boxes in the respective figures.

difficult with wires grown in solution and drop cast
on grid, as it is not possible to clean them off the
surfactants without damaging the wires, for this kind of
study. The challenging issue while studying the wires in
TEM mode was to obtain sufficient contrast at low dose
from the resolved wires due to the presence of the
carbon background. Therefore, the experiment was
carried out in energy filtered mode, using a 30 eV slit
centered around the zero-loss peak to reduce the
contribution from plasmons and other inelastic scat-
tering effects, and enhance the contrast in the HRTEM
images. All TEM imaging was performed on a TITAN?
microscope, equipped with an aberration corrector for
both TEM and STEM mode and operated at 120 kV. This
acceleration voltage of 120 kV was selected as a trade-
off between stability of the nanowires under electron
beam (lowered knock-on damage) and the need for
high image resolution. To maximize the stability of the
nanowires under the electron beam, a low dose of
approximately 20 e/A? s (screen current of 45 pA) was
used for high resolution TEM imaging (see movie in
Supporting Information, S1). In STEM mode, a conver-
gence semiangle . of 21 mrad was used, and an accep-
tance semiangle  of 85 mrad to guarantee HAADF
(Z-contrast) conditions. Figure 1 shows the as-grown
wires on the carbon support (Figure 1a) and high
resolution images of the wires from different regions.
The images presented here are recorded under over-
focus conditions, imaging the atomic column positions
as bright dots; this is confirmed by simulated HR
images for the microscope under similar conditions
(see Supporting Information, Figure S2). From the high
resolution images in Figure 1b—d, it is clear that the
wires preferentially grow along the [111] orientation.
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Figure 2. High resolution images of an end (a), mid- (b), and thicker (c) wire segment with estimated positions of atomic
columns (yellow dots) and their relative displacements (pink arrows; the tails of the arrows are at the perfect atomic positions
corresponding to the extended fcc lattice and the arrow-heads terminate at the estimated column positions). A magnified
view of a selected portion of each wire segment is presented as adjoined figures below. (d—f) The estimated position plots
corresponding to the images in (a—c), demarking the set of atomic columns considered for calculating the mean
displacements. The columns bound in red are the outermost layer of atomic columns, those bound in green are in the
second outermost layer, those bound in violet make out the innermost core (5 atomic columns wide), and those in yellow
mark the 7 neighboring atomic columns chosen to construct the reference lattice. In (f), the brown zone denotes the core

(11 atomic columns wide) leaving out only the outer two layers.

However, most of the wires do not completely lie in the
[170] zone orientation; some regions of the wires are
visibly rotated around the [111] growth axis. This
suggests that the wires have a slightly twisted geome-
try, which is also apparent from the HRSTEM image
shown in Figure 1e. A similar morphology is predicted
by theoretical models in this size regime and shown
experimentally for wires created under the micro-
scope by stretching or beam etching from a thin film
of gold;*?® however, those wires have a different
orientation than the chemically grown wires discussed
here. The entire length of the wire contains a large
amount of parallel (111) twin boundaries separated
by only a few atomic planes. Such twin defects are
expected due to the oriented attachment of the fa-
ceted cuboctahedral particles during wire growth.'®
We analyzed three distinct, well resolved portions of
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wires: an end-segment, a midsegment and a thicker
wire segment (~ 4 nm diameter) as marked in Figure 1.
Although aberration-corrected TEM significantly im-
proves the visual interpretability of the images, quan-
titative numbers for the atomic column positions are
not readily available. To overcome this problem, sta-
tistical parameter estimation theory is known to be an
extremely powerful technique.>**°~3" With this tech-
nique, a parametric model describing the experimental
images as a superposition of Gaussian peaks located
at the atomic column positions can be assumed. The
parameters of this model, including the atomic col-
umn positions, can then be determined using the
least-squares estimator. The estimated atomic column
positions are indicated by means of yellow dots in
Figure 2a—c. To evaluate possible displacements of the
atomic positions, an fcc reference lattice has been
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TABLE1. Mean Displacement Values (in pm), with Error Bars Indicated Therein, of the Estimated Atomic Column Positions

of the Au Wires from a Perfect fcc Lattice Resembling Bulk

wire portion analyzed

Reference consisting of 7 neighboring columns 6708
Outermost layer 551+ 48
Second outermost layer 27 £27
Inner core (5 atomic columns wide) 184 + 1.6

Inner core (11 atomic columns wide) -

constructed along the [110] zone-axis. To do so, a set of
parameters defining this lattice has been estimated
from atomic columns in the center such that the overall
displacement is smallest (~(6—8) £ 2 pm). The 7
neighboring columns indicated by the yellow contour
in Figure 2d—f have been chosen as a reference. To
illustrate this, Figure S3 (Supporting Information), cor-
responding to Figure 2a, shows the estimated posi-
tions and the positions resulting from an extended
lattice in yellow and green dots, respectively, as an
example. In this manner, the displacements of the
estimated atomic columns with respect to the perfect
lattice configuration can be indicated as shown in
Figure 2a—c. The displacements have been marked
by arrows with the arrows pointing from the positions
of the columns at the ideal lattice sites toward the
estimated positions marked in yellow. The mean dis-
placement is measured for the inner core consisting
of 4—5 columns across the width of the wire (region
marked by the purple contour), for the outermost shell
(marked by the red contour) and for the second out-
ermost shell of columns (marked by the green contour)
as indicated in Figure 2d—f, and the displacement
values are compiled in Table 1 for different cases.
In all cases, the columns are largely displaced, by
~55 £ 5 pm (end-segment), ~(45—50) + 5 pm
(midsegment) and ~(30—36) + 4 pm (thicker wire)
from their actual position in the outermost layer of the
wire which could be a strong effect due to interaction
with the electron beam and the fact that they are less
coordinated to the inner core. However, there is a
significant displacement of the second layer as well
which is ~30 £ 3 pm for the thinner wire segments
(corresponding to the end-segment and midsegment
in this case) and ~20 + 3 pm for the thicker wire.
Considering the inner core of 4—5 atomic columns in
each case, the mean displacement is relatively more for
the end-segment (~18 £+ 2 pm) than the other two
cases (~11 £ 1 pm). For the thicker segment when we
consider a larger area as the inner core (leaving out
only the outermost two shells), the mean displacement
increases to ~17 + 1 pm. This implies that the devia-
tion is mostly at the surface layers and increases out-
ward. We can refer to this effect as strain in the crystal
which increases significantly at the outer few layers
of atoms and also it is larger at the tip of the wires
(Figure 2a). The results are consistent with the
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thin (~2 nm) END-segment

thin (~2 nm) MID-segment thick (~4 nm) MID-segment

46+ 08 88+2
451 442,509 £ 5.7 293+ 47,363 + 44
29.9 £4.7;309 £ 2.8 189 £3.7, 243 £ 3.1
N3+£01 123 +12
- 169 + 1

presence of a surface stress leading to displacements
that decrease as one goes into the bulk from the
surface.

It is interesting to observe the direction of the
displacements which indicates predominantly an ex-
pansion of the lattice outward but random at the
surface layers. The shift, however, is larger and more
prominent at the twin boundaries (marked in Figure S3
in Supporting Information) and it deviates largely from
the ideal configuration if we extend the lattice geo-
metrically by mirroring at the twin boundary as in
Figure 2a. The direction of displacement indicates a
transverse shear accompanied by a longitudinal
stretch in the wire at the different twin interfaces. This
experimental configuration closely resembles theore-
tical models and structures obtained by stretching/
e-beam etching of a thin gold film as mentioned
earlier®® In those cases, the wire orientation was
[110] with approximately 1 nm cross section, whereas
we have 2—3 nm diameter wires grown chemically in
the [111] direction at a large scale. We have also
analyzed individual segments across the twin planes
choosing the reference column in the respective seg-
ment as shown in Figure 3a. Here the nature of the
displacement is identical in each segment as discussed
before; however, the two ideal extended lattices do not
merge at the twin plane, confirming a shear of the (111)
atomic plane at the twin boundary (inset of Figure 3a
showing the twin boundary). This also clarifies our
previous discussion on the significant unidirectional
shift observed when a mathematical/geometrical twin
was introduced. This shearing of the (111) planes is
clearly evident at the break junction as well as in
Figure 3b, which is acquired after allowing the break
junction to form under the influence of the e-beam.

The wire tips are faceted and contain a large density
of surface steps along the entire length as is clear from
the high resolution images. The presence of a corru-
gated surface with few atom steps is evident from
the analysis of the aberration corrected HAADF-STEM
image (obtained with less than 40 pA current to pre-
vent beam damage and structural changes) shown in
Figure 4a (tip portion of the wire in Figure 1e). The atom
counting method, reported earlier for different types
of nanoparticles, is employed to compute the cross-
sectional geometry which normally cannot be obtained
from high resolution 2D projection TEM images3?~3¢
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Figure 3. Highresolution TEM images with estimated atom-
ic column positions (yellow dots) and displacement from
the extended FCC lattice (pink arrows) of (a) a wire segment
with multiple twins which is analyzed choosing indepen-
dent references, as marked with yellow lined region, in each
of the portions separated by a twin boundary. Inset shows a
selected region (where the ideal lattice and estimated
atomic column positions are marked with green and yellow
dots, respectively) around the twin boundary (TB) marked
with a white line and extended to the inset and (b) a wire
portion with a break junction created under the beam with
the reference as indicated.

To determine the number of Au atoms in each atomic
column, the column intensities in the HRSTEM image
have been determined using a model-based ap-
proach®” in which it is taken into account that they
scale with the number of atoms in the column. Next,
the statistically meaningful column types with a differ-
ent number of Au atoms were determined. The result-
ing image with precise atom counts is given in
Figure 4b showing the least count of 1 atom at the
surface and 6—8 atoms at the core.

Assuming a perfect fcc lattice d-spacing and sym-
metric arrangement of atoms along the third dimen-
sion, a 3D visualization of the atomic structure is
obtained based upon the atom counts. Slices have
been generated along the [110] direction and stacked
to visualize the structure in 3D as shown in Figure 4c.
The cut planes represented by white lines in the
figure indicate the orientation of {001} and {111}
planes, and views along the respective orientations
given in Figure 4d,e. In Figure 4d, the change in
thickness of the wire from tip toward the center is
clear. The presence of surface steps along with face-
ting is also evident from different viewing directions.
A 360° rotation of the wire segment about different
axes enables to identify the {001} and {111} facets
(snapshots and movie in Supporting Information,
Figures S4 and S5). The 3D visualization indeed con-
firms our interpretation on the wire structure: primarily
the noncircular cross-sectional geometry and the sur-
face morphology.
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Figure 4. (a) High resolution HAADF-STEM image of a wire portion in [110] zone orientation, (b) showing the atom counts per
atomic column. The computed 3D reconstruction of the wire obtained from the atom counts are given and presented from
different views as in (c) [110] zone orientation with cut planes, represented by the white lines, indicating the orientation of the
{001} and {111} planes; (d) [001] zone orientation and (e) [111] orientation.
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Figure 5. Snapshots extracted (frame no. mentioned at right corner of each image) from a movie (Supporting Information)
showing the interaction of a wire with the electron beam until it broke. (a-i) and (a-ii) show two consecutive frames, in (a-ii) a
single row of atomic columns has shifted by shear. The other frames describe several other key events that took place during
interaction with the e-beam, before the wire broke into two separate segments. (b) A portion of wire appears in zone after
rotation/atom displacements under the beam. (c) The two frames indicate a rotation of the tip of the wire and (d) possibly a
single chain of atoms linking the two segments before breakage.

A more detailed atom dynamics study under the
influence of the electron beam is carried out by
increasing the dose to ~200 e/A? s with an effective
screen current of 2 nA. The wires break at several points
under the beam, but it provides us information on the
events that take place under the influence of electron
beam (movie in Supporting Information, S6é). Figure 5
illustrates a few frames extracted from the movie
(recorded at 3 frames/s) to explain the key atomic
changes that take place during the wire breaking. It
shows the evolution of a 10 nm segment of 2 nm
diameter, which undergoes several structural changes
under the beam. A constant shearing motion of
the {111} atomic planes is observed with exchange
of atomic columns between adjacent planes as shown
in Figure 5a(i,ii). The frame no. 254 (i) shows a row
of 7 atomic columns that loses one column to the
adjacent portion of wire and shifts the twin boundary
by rotation of the portion on the right side (ii). It is
interesting to note that the right portion of the wire is
out of zone here which constantly rotates and comes in
zone as in frame 377 in Figure 5b. This is noticeable for
the few planes at the left tip of the wire as one goes
from frame 1125 to 1170 in Figure 5c(i,ii). A short single
atomic chain formation is identified in frame 774
(Figure 5d) which is interesting to note as it indicates
that the wire breaks by constant shearing of the atomic
planes and rotation with exchange of atomic columns
unlike stretching along the length axis as reported
earlier.?®
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These changes under the beam have important
implications toward its mechanical behavior and pro-
vide a clear picture of the atom dynamics that might
involve in the breaking and forming mechanism of the
wires.?® Also, this study shows the interaction of the
wire with the electron beam which may have implica-
tions toward the structural changes undergone during
electron transport in devices and the failure mechan-
ism of the device element by electromigration. More-
over, the structure under low dose condition resem-
bles the stable structure of these wires which has a
rough surface with steps of few atoms indicating
presence of numerous loosely coordinated atom sites
and exposed facets which can contribute significantly
to enhance its catalytic activity.>° The strain in the
surface is a considerable factor making it a potentially
good catalyst for reactions like CO oxidation. The sur-
face steps are also potential sites for molecular adsorp-
tion that is critical for analysis. Moreover, the presence
of a large density of aperiodic twins, torsional strain at
the twin boundaries and localized lattice strain in the
wires, particularly in the outermost layer of atoms,
could be a prime reason behind the unexpected
transport behavior in these wires, reported recently,
making them 'quantum wires'.

CONCLUSIONS

In conclusion, the external morphology and the
internal atomic structure of gold nanowires of molec-
ular dimension, synthesized at large scale via chemical
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route, are investigated by aberration corrected elec-
tron microscopy. A combination of aberration corrected
HR(S)TEM and reliable quantification methods has been
used to understand the wire structure and bonding at
atomic scale. It indicates a significant deviation from a
perfect fcc configuration. These structural aspects for

EXPERIMENTAL SECTION

Wires Sample Preparation. A carbon film Cu grid was placed on
a1cm x 1.cm glass slide and covered with Teflon tape to leave
only a portion of carbon exposed to the reaction medium. This
substrate was placed in the solution containing 2 mg HAuCl,
complexed with 40 uL of oleyl amine in 5 mL of toluene
medium. It was then heated to 95 °C and kept at the tempera-
ture for ~35 min. After cooling, the grid was taken out and
cleaned in ethanol and dried. The grid was redipped in a fresh
Au nanoparticles (~2 nm) colloid containing L-ascorbic acid and
left at 40 °C for about an hour until the solution was purple in
color. Grid was finally taken out and cleaned in ethanol, water
and acetone before drying.

Microscopy. All imaging were performed on a TITAN® micro-
scope equipped with an aberration corrector and operated at
120 kV for both TEM and STEM mode. To keep the low dose
condition (approximately 20 e/A? s), a screen current of 45 pA
was used. Before STEM imaging, a mild O,—Ar plasma cleaning
step (30% power for 5 s, twice) was performed to ensure mini-
mal carbon deposition under e-beam.
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