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Ag nanowires with diameters below 6 nm are grown within vortex
containing superfluid helium nanodroplets and deposited onto a
heatable substrate at cryogenic temperatures. The experimental
setup allows an unbiased investigation of the inherent stability of
pristine silver nanowires, which is virtually impossible with other
methods due to chemical processes or templates involved in
standard production routes. We demonstrate by experiment and
by adaption of a theoretical model that initially continuous wires
disintegrate into chains of spheres. This phenomenon is well
described by a Rayleigh-like breakup mechanism when the sub-
strate is heated to room temperature. Our findings clarify the recent
discussions on the cause of the observed segmented patterns,
where a breakup during deposition [Gomez et al., Phys. Rev. Lett.,
2012, 108, 155302] or mechanisms intrinsic to the helium droplet
mediated growth process [Spence et al., Phys. Chem. Chem. Phys.,
2014, 16, 6903] have been proposed. The experimental setup
confirms the validity of previous suggestions derived from
bulk superfluid helium experiments [Gordon et al., Phys. Chem.
Chem. Phys., 2014, 16, 25229] for the helium droplet system,
and further allows a much more accurate determination of the
breakup temperature.

1 Introduction

One-dimensional nanostructures such as wires, rods and tubes,
have attracted considerable attention due to their potential
usage as building blocks in nanodevices,"> membranes,* bio-
sensors®"® or waveguides.” Ultrathin nanowires with diameters
of less than 10 nm show a whole series of unusual properties
such as ferromagnetism,® negative magnetoresistance® or
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quantum conductance,'® and have been suggested as compo-
nents for miniature electronic circuits.*

Superfluid helium nanodroplets (Hey) can be exploited as
nanolabs for the production of 1D-structures without any
chemical solvent, external field or template. Their applicability
to studies of nanowire growth has been demonstrated
recently.'>'® Doping of Hey with atoms, molecules or clusters
is well established in spectroscopy,'*® and has recently been
adapted for the controlled production and structure preserving
soft deposition of metal clusters."”>' Helium droplets with
diameters of about 1 um, as used in this work, contain quantized
2223 a phenomenon attributed to superfluidity.>**> As
6728 these vortices

vortices,
observed in bulk superfluid helium (He II),
exhibit an attractive force on dopants immersed in the helium
due to a pressure gradient around the vortex core,>**° ultimately
causing their agglomeration into nanowires.**"**

While continuous wires from Au, Ni, Cr and Si were formed
with the Hey technique,'” only segmented chains of clusters
were found in the case of Ag.>*** Several attempts were made to
explain this observation, including the breakup of wires during
surface deposition or the existence of forces intrinsic to
the Hey-vortex-Ag system hindering the agglomeration pro-
cess.”>** However, none of these suggestions could be either
confirmed or falsified by experiment due to the complicated
setup which is necessary to synthesise metal wires in Hey. The
droplets, moving at 2200 m s~ ', do not allow a direct observation
of cluster growth and wire formation. Theory, on the other hand,
is only beginning to understand the nature of vortices in super-
fluid helium, and therefore not able to deliver quantitative
answers yet. Fortunately, the solution to the phenomenon of wire
breakup is much simpler than was assumed in the literature.

In this article, we show by experiment and computer simula-
tions that the degradation of ‘ultrathin’, He droplet-grown silver
wires with diameters below 6 nm appears only after deposition
to a surface and is strongly dependent on the substrate tem-
perature. Although similar problems are well documented in the
literature on the miniaturisation of optical or electronic devices,
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the breakup of He-mediated nanowires due to thermal instabilities
had not been taken into consideration. This might be due to the fact
that the crucial temperatures for wire breakup in this size regime, as
will be shown, are so surprisingly low that even standard conditions
are sufficient to initiate the degradation process. Typically, such
a breakup mechanism can be associated to thermally activated
surface diffusion effects, and the final structures can be explained
by adapting Rayleigh’s model for the breakup of a fluid jet*as
proposed by Nichols and Mullins.***® Experiments on larger
structures were carried out on nanowires made from eg Ag,*
Cu,* " Au,** sn** and Pt,*® all with diameters above 20 nm.
Breakup temperatures well below the bulk melting temperature
were reported in all cases, but still far above room temperature. Only
for Ag nanofractals, with initial branch diameters of ~16 nm
structural changes near room temperature could be observed.*®"
We note that a breakup of the Ag nanowires synthesised in Heyx on
the surface had been suggested by Gordon et al. based on observa-
tions made in bulk He II. However, due to the nature of their
experimental setup the direct observation of isolated ultrathin Ag
nanowires and a temperature-dependent monitoring of the breakup
process were not possible,*®*® which motivated us to conduct the
present study. Due to the challenging nature of nanowire produc-
tion in the sub 10 nm diameter range, Ag nanowires in this size
range are typically stabilised by templates,>® "> which introduces a
large bias in stability measurements at smallest diameters. Our
study can therefore be taken as the first investigation of the thermal
stability of ultrathin pristine Ag wires, thereby demonstrating the
ability of the Hey technique to gain new insights into fundamental
questions of material science.

2 Experimental

A detailed description of the used helium droplet apparatus will be
given elsewhere.”® In brief, gaseous helium (99.9999% purity) is
cooled to temperatures <10 K by a closed-cycle refrigerator
(Sumitomo, RDK-408D2) and expanded into a high vacuum region
through a 5 pm nozzle. For all experiments discussed in this work,
the helium stagnation pressure is 20 bar, and the nozzle tempera-
ture is kept at 5.4 K. The resulting beam of helium droplets (mean
droplet diameter D ~ 1 pm) is collimated by a 0.4 mm skimmer
and directed into a separate vacuum chamber with a base pressure
~10~7 mbar. There the Hey incorporate multiple Ag atoms while
crossing a region of silver vapor emanating from the evaporation
of high purity (99.99%) silver, which leads to the formation of Ag
clusters and ultimately to Ag nanowires inside the droplets. The Ag
doping rate, and hence, the wire diameter, are controlled by the
adjustment of the oven temperature while monitoring the attenua-
tion of the total He flux into the adjacent deposition chamber
(base pressure 10 ' mbar). Nanowire deposition is achieved by
terminating the droplet beam on 3 nm amorphous carbon TEM
grids (Ted Pella, Inc., Prod. No. 01824) cooled to LN, temperature.
After the deposition process the vacuum chamber is vented with
N, (99.999% purity), thereby preventing the substrate’s exposure to
ambient conditions. Before opening the vacuum chamber a glove
bag is attached to the respective flange and filled with N, as to
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prevent contact of the substrate with air. The substrate holder is
removed from its LN, cooled mount inside the vacuum chamber
and totally immersed into LN, within 5 s. All further substrate
manipulations, such as the transfer from the substrate holder to a
cryo-TEM holder (Gatan, Model 626) are performed in LN,, so that
an inert environment is guaranteed at all times.

For the nanowire stability investigations, TEM images are
recorded with a 120 kV LaBg FEI Tecnai 12 transmission
electron microscope, equipped with a Bio Scan Camera (Gatan,
Model 792). The substrate temperature can be controlled from
77 K to 363 K via the cryo-TEM holder. Temperature is increased
from 243 K to 293 K in steps of 5 K every 15 min and finally set to
the maximum of 363 K for 30 min. Multiple substrate spots are
imaged for each temperature step.

3 Computational details

To verify that the Ag nanowire breakup originates from surface
diffusion and not eg from an unexpected interaction with the
substrate, we also performed model calculations, taking the initial
nanowire contours as observed in the experiment as starting point.
The gradient of the chemical potential for a surface atom can be
related to the gradient of the surface curvature, and subsequently, to
a force on the respective surface element.>* As with the cryo-TEM
setup an accurate quantification of the wire thickness in three
dimensions is impossible, we restrict ourselves to a 2D model.”
The contourlines of the nanowires are discretised and propagated in
time based on the Mullins equation, originally introduced to
describe the thermal grooving at metallic grain boundaries.>* Two
mechanisms of mass transport along the surface can be distin-
guished: evaporation-condensation and surface diffusion. For silver,
the latter is known to dominate the process. A partial differential
equation can be derived, which relates J, the flux of surface atoms, to
VK, the gradient of the local surface curvature, via>

1
J o —VK. (1)

Making the assumption of a monometallic structure of constant
thickness, the gradient in eqn (1) can be replaced by the derivative
with respect to the curvilinear abscissa s. Furthermore, in this
simplified 2D picture, mass consetrvation equals surface conserva-
tion, and the flux j(s) must obey the relation

[J(s) — J(s + ds)]Qdt = dzds, (2)

where z describes the local transversal displacement of the
contour line of the structure and Q the volume of a diffusing
particle. Together with eqn (1) we obtain the equation

oz 5z
o B ©)
with
Dy Q*/3
BT @

where D; is the surface self-diffusion constant of a diffusing
particle, y denotes the surface tension, T'is the temperature and
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Fig. 1 Structure evolution of a Ag hanowire at increasing temperatures of 253 K (a), 268 K (b), 293 K (c), 363 K (d). Structure as deposited (no change to
situation at 77 K) is shown in (a). (b) marks the begin of wire breakup after surface smoothing, while (c) shows the fully segmented wire at ambient
conditions. At higher temperatures the relaxation into spheres is suppressed by a carbonaceous capping layer (d). Scale is the same for all images.

kg the Boltzmann constant. Since we are only interested in a
qualitative description of the degradation of the silver struc-
tures, B is set to 1 in our simulation. The discretisation in s is
determined by the resolution of the TEM images. This leaves
arbitrary units for the discretisation in time, which has to be
sufficiently fine to avoid instabilities during time propagation.
As can be seen from eqn (3), each point of the discretised
contour line is shifted according to the second derivative of the
surface curvature during a timestep. In other words, the diameter
perturbations of the initial nanowire contours are propagating in
time. This behaviour is analogous to the Rayleigh breakup of fluids,
where the growth of initial diameter perturbations leads to the
disintegration of the respective jet.*®

Breakup events occur as soon as local constrictions of a wire
lead to crossings of contour lines. In this case, the initial contour
splits into two segments at the crossing point, and the contour
lines of the new segments are propagated separately in the
following timesteps. Numerical instabilities, which are intrinsic
to this technique, evolve from inhomogeneous point distribu-
tions along a contour line after a breakup event. In contrast to
ref. 55, where this problem is overcome by pruning the con-
stricted parts of the corresponding contour line, we increase the
point density after each breakup. Although computationally
more costly, this approach reflects our experimental results in
greater detail. The accuracy of the simulation can be judged by
monitoring of the total surface area, which has to stay constant
throughout propagation.>® For the initial contour lines taken
from experiment, several million steps are necessary to obtain
fully equilibrated structures (i.e., perfect circles in the 2D case).
The surface is reduced by less than 4%.

4 Results and discussion
4.1 Nanowire growth, deposition and stability measurements

We use Hey to produce Ag nanowires with a mean length of
500 nm and mean diameter d, = 5 nm. Fig. 1(a) shows a typical
deposited Ag nanowire structure with some constrictions marked
by arrows. No evidence of wire breakup could be found on the
cooled substrate. During heatup of the sample, a smoothing of
the wire surface as well as a further decrease of the diameter in
the vicinity of initial constrictions can be observed already at
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268 K (Fig. 1(b)), ultimately causing the breakup of the wire at
temperatures below 293 K (Fig. 1(c)).

Interestingly, for the investigated wires we are not able to
observe a total relaxation into the equilibrium state, which
corresponds to chains of spherical particles according to the
Rayleigh model. An increase of the substrate temperature to
363 K leads to further segmentation (Fig. 1(d)), but the resulting
segments stay well elongated. We can attribute this behaviour
to a measurement artifact resulting from the deposition of
a stabilising carbonaceous capping layer by ionisation and
subsequent condensation of hydrocarbons present in the
TEM vacuum. It is known that layers with a thickness of several
nanometers can accumulate within minutes of specimen irra-
diation.”®® We note that during the heating process the same
substrate spots were repeatedly imaged in order to track any
structural changes. Therefore, the imaged nanowires were
exposed to the electron beam for times longer than 30 min.
Comparative images taken from specimen areas which were
not exposed to the electron beam at any stage of the prior
investigation all show a complete decay of the nanowires into
chains of spheres, as depicted in Fig. 2(a). Nanowires on a
reference specimen, which was stored under ambient condi-
tions for 1 week, show the same breakup patterns (Fig. 2(b)),
indicating that at 293 K the equilibrium state is also reached.

We measured the distances 4 between the centers of neigh-
bouring spheres, as well as their diameters dy, for several

Fig. 2 Undisturbed breakup patterns of Ag nanowires on substrate spots
unimpaired by the electron beam. (a) shows sample from Fig. 1 heated
to 363 K, (b) a reference substrate stored under ambient conditions for
1 week. Scale is the same for both images.
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chains of segments, using the image processing package FIJI.>
From the fits to the obtained histograms we can extract the ratios

A oatsand & xs
Ro Ry
with R, = L_inw/z and variances of +20%.

The observed behaviour is in good agreement with the
model of a Rayleigh breakup, i.e. the growth of initial diameter
perturbations caused by the diffusion of Ag atoms along the
wire surface. This diffusion is driven by a gradient of the
chemical potential which can be associated to the gradient of
surface curvature.*®*”>*

Nichols and Mullins predicted the ratio A/R, = 8.89 for
surface diffusion dominated breakup of a cylindrical wire as
result of harmonic surface perturbations.*® Assuming constant
volume, one can estimate dgp/Ry = 3.76. The ratios observed in
the present work exceed those obtained from theory. However,
most investigated wires in literature are far from the ideal
shape and isotropy which is assumed in this model calculation,
thus the observed patterns deviate from the prediction.**°**
Additionally the presence of a substrate generally tends to stabilise
the nanowires.®® The larger values of Z and ds, indeed reflect a
slightly larger stability of the wires compared to the model and
are in good agreement with other experimental findings.*>*

4.2 Simulation of the degradation process

The initial contourlines of nanowires after deposition are taken
as starting point for a computational study, using the 2D model
described in Section 3. Exemplary results of the simulation are
presented in Fig. 3 for the contourline taken from the nanowire
depicted in Fig. 1 after 9 x 10° and 9.6 x 10° simulation timesteps
respectively. The points of wire breakup are in excellent agree-
ment with the experimental data (compare Fig. 1(c) & (d) and 3).
The reduced stability of the upper wire branch in the experiment
compared to the simulation is related to a mass accumulation
at the left upper end of the wire. While this is apparent from the
higher contrast (i.e. a dark spot) in the TEM image, it is not
accounted for in the 2D simulation. The model contours clearly
propagate towards the spherical equilibrium state. The same
tendency is seen in the experiment, but hindered due to the

(b)

Y (e )
>

o
Fig. 3 Evolution of the hanowire contourline (red) as simulated using a 2D
model. The upper part of the wire is still intact in (a) after 9 x 10° timesteps,
although considerably constricted at some points. After 9.6 x 10> time-
steps (b) most segments have reached their final circular shape. The initial

contourline of the simulation (light grey) is taken from Fig. 1(a). The points
of breakup coincide well with those observed in the experiment.
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growth of carbon layers mentioned above. Nevertheless, the
degradation process is very well captured by our simulations,
which shows that thermally activated surface diffusion is the
main reason for the breakup of the nanowires. According to
the experiment, the onset of this process becomes noticeable
at =260 K.

In experiments on Ag nanofractals, a breakup of fractal arms
(diameter ~16 nm) was observed near room temperature.*®
Relaxation into spherical particles has not been observed for
fractals of pure Ag due to slow fragmentation kinetics. Inter-
estingly, the doping of the fractals with oxygen impurities
during the growth process led to a full decay into spheres. This
behaviour was also confirmed in a follow-up study”’ and was
interpreted as a result of a strongly enhanced surface mobility
near the oxygen atoms. Total spherodisation of the pure Ag
nanofractal branches, on the other hand, was obtained only
after annealing at 573 K.

In our study, the substrate is kept in an inert environment at
all times. Therefore, a structure degeneration as a result of
chemical processes can be fully excluded. This also rules out a
possible Ag sulfidation by atmospheric gases as the origin of
the degradation, which has been proposed in other cases.®*"*°
Breakup occurs within minutes after the sample was heated to
~ 260 K. The observed timescale is in good agreement with the
estimations derived for nanofractals.® Furthermore, no altera-
tion of the initial wire structures can be found for an identically
prepared reference specimen which had been stored in LN, for
48 h. This indicates a full suppression of the diffusion process
at a temperature of 77 Kelvin. The advantage of our approach
lies in the possibility to track structural changes in the TEM
during the heatup. This also enables us to repeatedly image the
same substrate spot and thereby track the structural changes of
a single wire, which, in turn, facilitates a direct comparison to a
simulation of exactly the same structure. The experimental
approach allows a much more accurate determination of the
decomposition temperature than in previous works.***°

Our study confirms that the breakup of Ag nanowires
synthesised in Hey occurs on the surface after deposition, as
it had been proposed by Gordon et al. from results obtained in
bulk He IL.***° The authors of the respective studies exploited
vortices to grow nanowires of different metals and also found
instabilities in the case of Ag. While for Pt, In, and Au
nanowires spanned across the holes of a porous carbon TEM
grid were found to be stable at ambient conditions, no such
wires could be observed in case of Ag. Only a Ag nanoweb
consisting of considerably thicker wires was found to be stable
long enough for recording TEM images. The breakup of the
thin Ag wires was explained by a change in the surface tension
at small wire diameters.”® In the framework of the Rayleigh
breakup the surface tension y enters the calculations as described
in eqn (4). Therefore, an increase in y influences the breakup of
nanostructures. However, also the surface self-diffusion constant
plays an important role, as it is not only strongly dependent on
temperature, but also exhibits large values for Ag compared to
Au, Cu or Ni.*” The suppression of the diffusion process at LN,
temperature as described in this work is in good agreement
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with this concept. It was found that a doping of the Ag
nanowires with Cu atoms can increase their thermal stability
by decreasing the surface atom mobility.*® This is a further
indicator that D, governs the differences between nanowires of
the same diameter made from different metals, while a general
onset of the breakup is only observable at small diameters in
accordance to the suggestions made previously.*’

5 Conclusions

Our results prove that the experimentally observed segmented lines
or ‘chains’ of Hey-grown Ag clusters'>**?* are neither an intrinsic
feature of growth within the nanodroplets nor a consequence of
the surface impact. Instead, the breakup is a consequence of
diffusion processes caused by a ‘warm’ substrate. This confirms
the suggestions of Gordon et al. of a nanowire breakup on the
surface derived from bulk He I experiments.***° We further
investigate the structural degradation of the nanowires as a function
of temperature. Due to the possibility of directly tracking the
breakup process of a single wire, our experiment delivers an
accurate measure of the breakup temperature 73, ~ 260 K of the
nanowires. The large experimental effort of a wire synthesis within
Hey is rewarded by the complete inertness of the production and
measurement process. The total absence of any solvents or tem-
plates enables an unbiased view on the thermal stability of pristine
ultrathin Ag nanowires. We believe these findings will be useful in
the context of further miniaturisation attempts regarding electronic
or optical devices.
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