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Abstract

Oxidation by a micro-post-discharge at atmospheric pressure of thin films of ruthenium
deposited on fused silica by pressure-modulated magnetron sputtering is studied. Single-
crystalline RuO; nanowires are obtained for the first time with a diffusion process over large
areas. Nanowires grow typically at temperatures below 550-600 K, provided the level of
stress is high enough to fragment grains in sub-grains with sizes between 30 and 50 nm.
Because of the alternation of dense and porous layers forming the coating, inward diffusion of
vacancies leads to no patent Kirkendall's effect, pores being distributed over the whole
coating thickness and not mainly at the interface with the substrate. The centre of the
treatment being heated at temperatures higher than 900 K, gaseous RuOys is formed, leading to
an evaporated area. At its edge, a ring of microcrystals is formed, likely by a CVD

mechanism.



1. Introduction

RuO: is an attractive electrical material because its room-temperature resistivity is 35 uQ cm,
i.e. about twice that of metallic Ru. It crystallizes in the rutile structure. Nanowires of RuO>
had been produced by using templates [1], chemical vapour deposition [2] or reactive
sputtering [3]. They can be used as interconnects in electronic applications [4] or
electrochemical capacitors [5].

If high quality growth of RuO; nanowires has been reported [6-8], growing large areas by
simple thermal heating of ruthenium is not possible, unlike what is observed with copper [9,
10] or iron [11, 12]. This is due to passivation properties of RuO». A dense oxide layer stops
diffusion at low temperature. To enhance it, temperature must be increased. Then, anisotropic
diffusion, which is a mandatory requirement for the synthesis of nanostructures, is hindered
and the passive layer evenly increases in thickness. In a former work [13], the growth of
localised concentric rings of RuO» nanowires was made possible on ruthenium substrates by
resorting to post-discharge treatments operating at lower temperature than thermal heating.
The presence of oxygen atoms and excited states of Oz like the singlet state Ox(a'A,) in the
spatial micro-post-discharge of a microwave plasma [14] enhances oxidation rates, which
consequently allows a temperature decrease of about 100 K. With such a decrease, it is
possible to grow a general nanostructure, made of RuO» lamellae separated by 20-50 nm and
localised concentric rings of RuO; nanowires (figure 3 in ref. [13]) through emerging surface
defects. The corresponding growth mechanism was already observed in the synthesis of
localised concentric rings of silica nanowires on silicon wafers [15]. Then, two types of
oxides have to be considered depending on whether they are passive or not.

In this work, we study the growth of nanostructures on ruthenium layers deposited on fused

silica substrates and oxidised in a micro-post-discharge at atmospheric pressure. Thin films



affect the growth of nanostructures because of the change in the stress level that arises when a

ceramic substrate is used instead of a metallic one that better accommodates strain.

2. Experimental setup

2.1. Oxidation process

The experimental set-up is shown in figure 1. The atmospheric microwave plasma is created
in a fused silica tube (27 mm inner diameter) located in a 2.45 GHz resonant cavity. The
power supply is a GMP 03 KE SAIREM device and it delivers 100W under the present
conditions. Flow rates of gases are controlled by two mass flow controllers and the total flow
rate is 413 sccm (standard cubic centimetre per minute). The partial pressure of oxygen in gas
mixture (Ar-O2) is 7.5 vol.%. The micro-afterglow flows through a hole (600 pm in diameter)
made in the resonant cavity, forming a kind of beam [14]. This beam is mainly composed of
0, O2(X), O2(a) and Ar species. No ozone is present because the gas is too hot (~ 1600 K at
the nozzle exit). The sample-nozzle distance was set to 4.5 mm. The experimental conditions
retained for this work are the best found to get the highest density of nanostructures, the
influence of the main parameters (total flow rate, amount of oxygen, substrate nature and
sample-nozzle distance) being not reported here.

Samples used are squares of fused silica (1.4x1.4x0.5 mm?®) coated by a 900 nm thick metallic
ruthenium layer deposited by magnetron sputtering. The sputtering reactor is equipped with a
pure (99.99 wt.%) ruthenium target. It is pumped down to 10~ Pa, before being vented by an
Ar-10vol.%H> mixture (total flow rate: 50 sccm). The total pressure is set at 0.58 Pa and the
target-substrate distance is 10 cm. Before deposition, target and substrate are sputtered during
5 min at 80 W to clean surfaces. Deposition beyond typically 85 nm in thickness is not
possible due to the development of an extremely high stress and the coating systematically
peels off. Algoz et al. [16] studied the evolution of compressive stress during thin film

deposition of ruthenium on silicon by magnetron sputtering. They showed that stress was



higher in dense layers deposited at low pressure (0.27 Pa) and lower at high pressure (2.7 Pa).
By varying the pressure, they could deposit 2 um thick Ru layers, relaxing the compressive
stress by an alternation of porous and dense layers as shown by Karabacak et al. [17]. We
applied their method and deposited stacks of 6 times 2 layers (one porous (70 nm at 2.3 Pa)
and one dense (80 nm at 0.60 Pa)) to get a 900 nm thick coating (supporting material 1).
Radial homogeneity is ensured by rotating the substrate-holder at a constant speed of 26
round min~".

By changing the treatment time, different oxide nano-objects could be grown and were
characterised by several surface diagnostics. Scanning Electron Microscopy (SEM) was made
with a Philips XL 30. A CAMECA IMS 7F instrument was used for Secondary Ion Mass
Spectrometry (SIMS). A Cs* primary ion beam of 30 nA operating at 5 kV was used to
sputter sample with an impact energy of 3 keV. Mass Resolving Power was set to 2000.
Depth-profiles were acquired over an area of 100x100 um?. X-ray Diffraction using Co-Ka
radiation (A = 0.179026 nm) was performed with a Bruker D8 Discover diffractometer . To
perform localised analyzes, 6/60 measurement with the parallel beam geometry and using a
beam collimator of 300 pm as a diameter was used.. In this configuration, the analysed area is
limited to a maximum of 300 umxImm in the 2-theta range scanned and the depth of the
sample probed by X-rays is estimated to 1 to 3 um. Transmission electron microscopy (TEM)
investigation was performed on as-grown nano-objects with a JEOL ARM 200F - Cold FEG
TEM/STEM running at 200 kV (point resolution 0.19 nm) fitted with a GIF Quatum ER.

2.2. Surface temperature

Surface temperature has a key role in the growth of nanostructures. In the specific case of
ruthenium, oxidation of RuO» above 900 K precisely leads to the formation of a RuO4 vapour
[18]. Then, no nanostructure can be formed in these conditions, the oxide layer being

evaporated. This phenomenon leads to the etching of the substrate. When the temperature



decays radially below 900 K, evaporation stops and nanostructures can be formed. Between
the two areas, a pretty sharp interface appears. This is clearly visible (See supporting
material 2). The radius of the evaporated area is easily determined geometrically. It evolves
as the square root of time because it is limited by the formation of Kirkendall's porosity, a
diffusion-controlled process, as discussed hereafter.

A transient heat transfer model, developed in a former work of ours (see reference [15] for a
complete description of the model) was used to estimate the surface temperature. A 0.5 mm-
thick cylindrical substrate (14 mm in diameter) made of fused silica and covered by a 900 nm-
thick Ru layer was modelled. The temperature distribution in the micro-afterglow was
determined from the OH (A%Z*; v' = 0 — X?; v" = 0) rotational spectrum recorded at 306.4
nm by optical emission spectroscopy with an iCCD camera (see [15] for details). The
maximum value was found to be 1600 K.

The calculated temperature gradient along the sample surface is given in figure 2. At steady
state, which is reached theoretically after a couple of minutes typically, the maximum
temperature is slightly below 900 K. This value is in good agreement with experimental
results. In our experimental conditions, the value 900 K is reached 700 um away from the
treatment centre after 30 min.

The difference in the temperature profiles is attributed to the development of pores
throughout the coating and not at the interface with the fused silica substrate, contrary to what
is normally encountered with Kirkendall’s porosity (see discussion). It contributes to create a
porous material with lower thermal conductivity over its whole thickness and not mainly at
the interface with the substrate. Although long nanowires are present above the coating,
proving a strong mass transport outward, no large cavities or pores — as they are commonly
observed in copper oxidation (see e.g. [10]) — are visible at the interface with fused silica.

Here, the coating is rather dense even though a significant change in density can be noticed all



over the thickness with respect to the untreated coating (see supporting material 1). Indeed,
the growth of the ruthenium oxide layer is due to outward diffusion of ruthenium ions as
described in reference [13] and inward diffusion of vacancies which aggregate and form
pores. The specificity of this mechanism in the present case comes from the density
modulations induced by the coating process. The sputtered Ru coating is made of an
alternation of more or less dense layers. Vacancies are likely trapped during their transport
toward the substrate in layers of higher density and do not cross the whole coating. This
question will be discussed further below (see SIMS results hereinafter). Anyway, the thermal
conductivity decreases as porosity develops.

To account for this phenomenon in the model, the thermal conductivity of the layer was
multiplied by a coefficient a lower than 1. If o = 0.57, a perfect match is obtained with the
experimental result (figure 2). The maximum temperature is then slightly higher (~1000 K).
So, the simple approach used here helps us to determine approximatively how the

modification of the thermal conductivity affects the temperature profile versus time.

3. Results and discussion

In the chosen experimental conditions, three types of RuO; objects are formed (figure 3).
From the centre outward, one finds microcrystals, nanowires and nanodots. Microcrystals,
with mean sizes of the order of a few micrometres, are assembly of faceted crystals which
seem to interpenetrate and share common faces. Nanowires are also faceted and not
cylindrical. Microcrystals are located at the edge of the evaporated area and form a kind of
belt (Figure 4) where their average size increases outwards (see supporting material 3). This
size gradient is all the more visible as treatment time is long. In the nanodot area, in the case
of a 4-hour treatment, some large isolated microcrystals are also observed. Then, although
transitions between the evaporated area and the microcrystals on the one hand, and between

the microcrystals and the nanodots on the other hand, may defined by sharp edges (over 5-10



um), they actually occur over hundreds of micrometers, i.e. quite smoothly. Nanodots are
likely seeds of nanowires, but this is only a conjecture, this assertion remaining unproved.
Then, we chose to distinguish these two latter nanostructures. The transition from nanowires
to nanodots is mainly based on a subjective criterion defined by the possibility to measure a
nanowire length (practically, beyond 50 nm) in top and cross-section views of SEM images.
The transition from microcrystals to nanowires does not exhibit any sharp edge but it is
progressive, isolated microcrystals being sometimes visible among the nanowires (unreported
data).

From there on, a map showing the sharp transitions between the different RuO: objects could
be drawn (figure 5). When the treatment time is 30 min, microcrystals are obtained between
+1000 um and +2200 um and nanowires in their early stages appear between +3800 um from
the treatment centre and +5000 um. When the processing time is increased to 3 and 4 hours,
microcrystals are shifted beyond +2300 pm and +2600 um, respectively. However, the radial
distance over which microcrystals are formed is roughly constant. Their growth is necessarily
related to the evaporation of the central area. Unlike short treatment times, i.e. less than 2
hours, no nanowire is observed. Nanodots are found instead.

The domain where RuO; nanowires are formed is limited in the chosen experimental
conditions. However, for treatment times shorter than 2 hours, nanowires are not localised on
concentric rings, like in the case of ruthenium substrates [13], but spread over wide area. The
non-localised production of RuO; nanowires is then possible, as shown in figure 6. We
observe successive magnifications of homogeneously-coated area of about 10* um? areas
where nanowires with similar features are randomly distributed. Because of the temperature
gradient prevailing radially, nanowires have not got the same features all over their existence
domain. Their different characteristics (average length, average diameter and surface number

density) were determined as a function of the radial distance between +2500 um and +5500



for a 2-hour treatment (see supporting material 4). If the length and diameter of nanowires
are maximal at +2500-3000 um and decay farther, their density is twice higher at +5000-5400
um. The minimum average diameter found in this study is about 50 nm, which is quite large.
To conclude, there is an optimal oxidation time to synthesize nanowires. Beyond, nanowires
disappear in favour of nanodots. This transformation is due to a burying mechanism described
by [19]. Nanowires stop growing because of a change in the growth conditions (like a
temperature rise) whereas the oxide layer develops outward, filling the space between
nanowires and thus burying them.

In figure 7, X-ray diffraction patterns recorded after treatment at different radial positions are

depicted. From outside inward, several aspects deserve serious examination. At +5.5 mm

from the center, the diffraction peaks (1011) and (10T0) of ruthenium are clearly observed.
The (101) peak of ruthenium dioxide (RuO,—tetragonal phase) is observed. This phase is the
only oxide phase identified in this work. The (101) peak gradually increases when the
analysed area is closer to the centre. A small additional peak at 20 = 64.29° appears at 4.5
mm. It corresponds to RuO; (211). The sample is more oxidised and the ratio between oxide

and metal volumes probed by the X-rays increases. At 3.5 mm, the RuO, (101) peak has

almost got the same intensity as the Ru (1011) peak. A new peak is visible at 20 = 33°. It is
due to the RuO> (110). At 2.5 mm, the intensities of ruthenium peaks decrease whereas those
of RuO; peaks increase. At this spot, the probed volume is mainly that of the RuO> layer.
Finally, at 1.5 mm (i.e. about 200 um from the evaporated area), the intensities of the
ruthenium peaks are weak, showing a strong oxidation process.

High-resolution TEM analyses (see supporting material 5) show that nanowires are single-
crystals. Micro-diffraction patterns always indicate the crystalline structure of tetragonal
RuO> [20] but with various zone axes: the growth of single-crystalline nanowires occurs with

random crystallographic orientations.



Radial and depth compositions of oxide layers were analysed by SIMS (figure 8). Usually,
this type of analysis is not suitable for nanostructured thin films because of the effect that the
morphology produces on the detected signal, the top of the nanostructures and the underlying
layer being sputtered simultaneously. Let’s mention first that no measurement was possible in
the evaporated area. There, the ruthenium coating is almost totally removed by evaporation.
The insulating properties of the uncoated fused silica hinder SIMS measurements.

To each depth-profile is assigned a SEM micrograph taken at the very spot where
measurement was made. Results show that the oxidized sample is composed of ruthenium and
oxygen with oscillating compositions due to the deposition process by magnetron sputtering.
When ruthenium is high, the layer is more "metallic" and less porous. In figure 8, we clearly
observe that oscillations are all the more damped, especially near the substrate, as nanowires
are denser. They are also all the more overlapped. When the density is the highest (+3500
um), the depth-profile is strongly perturbed and difficult to analyse, but all in all, the trend is
clear. At the boundary with the nanodots (+5900 um), the SIMS profile is almost identical to
that of the non-treated coating.

The damping of the SIMS signals shows a higher homogeneity of Ru and O over the
thickness. As expected, initially denser layers get more porous and the porosity is distributed
over the whole coating, even though pores tend to accumulate at the inner interface, leading to
a slightly negative slope of the element distribution inward. The formation of holes all along
the thickness of the layer is clearly visible in figure 9. As diffusion occurs along grain
boundaries, these holes are mainly localized along the layer columns. These data confirm the
possibility of a specific behaviour of vacancies in a pressure-modulated coating.

During the first step of magnetron sputtering, stress in the deposited Ru film on fused silica
could be mitigated by alternating low and high pressures deposition phases. Here, the main

contribution to the development of stress is clearly related to the choice of the substrate. The
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small difference in thermal expansion coefficients between Ru (6.4x10° K') and RuO
(5.2x107° K™) induces the occurrence of a very weak compressive stress during oxidation, the
growth of nanowires being not possible over large areas. Conversely, the huge difference in
thermal expansion coefficients between fused silica (0.5x10° K™') and Ru and even RuO»
contributes to create a high level of stress. Indeed, when the RuO> / Ru / substrate stack is
heated, a differential expansion mainly between RuO; / Ru and SiO» occurs. The RuO> / Ru
coating undergoes a compressive stress which leads to fragmentation of grains in sub-grains
with mean size as low as 30-50 nm (figure 9). This mechanism generates defects in large
quantities and enhances the outward transport of ruthenium by diffusion. The subsequent
growth of long nanowires with high densities is thus made possible. The growth of RuO>
nanowires on thin films would be akin to that of CuO on copper for example [19, 21],
provided a sufficiently high level of stress is reached. The barrier effect caused by the passive
nature of RuO> is suppressed by the strong fragmentation process resulting from the
development of strain.

After a two-hour treatment, nanowires are found between 2.1 mm and 6 mm. They do not
grow in the hotter area where microcrystals are observed. There, the temperature is too high to
enable an anisotropic growth of the nanostructures. According to the results of our thermal
model, the critical temperature beyond which nanowires stop forming is about 550-600 K (~
300 ° O).

Concerning the mechanistic aspects of the RuO, nanowire growth, Coloma Ribera et al. [22],
showed the existence of a low density RuOx (2 < x < 3) layer limited to a maximum of 3 nm
and located on top of a higher density stoichiometric RuO». This latter layer acting as a
barrier, outward diffusion of ruthenium atoms becomes limiting, leading to synthesis of the
oxygen-rich RuOx upper layer. Up to a certain thickness, the oxide film remains quasi-

amorphous to keep the minimum energy interface with ruthenium. At about 473 K, because of

11



the rather high mobility of Ru or Ru-O precursors at the surface, the first crystalline RuO2
nuclei form at the topmost surface. Because the RuOx is a rather disordered structure, it does
not support 2D growth over large areas and RuO> crystallites continue to grow vertically.
These authors observed the first crystalline columns near 550 K, which is the lower limit
found of the temperature range found in our conditions. The outward diffusion of ruthenium
predicted by this growth model is necessarily associated with the formation of pores in the
layer. In the present case, because of the existence of a stack of bilayers with two different
densities, the way the porosity is distributed in the oxidized layer is different from the one
expected for a homogeneous layer.

The formation of microcrystals comes under a completely different mechanism. If the
distance from the centre of the treatment is set to, say, 1 mm, increasing the temperature
makes microcrystals disappear (figure 5). They are formed in a temperature range spanning
from 550 to 900 K. Above 900 K, they are converted into gaseous RuO4 and removed from
the spot where they stood. This mechanism is supported by the existence of a size gradient
(See supporting material 3). The observation of these objects in cross-section is particularly
informative (Figure 3). Indeed, microcrystals can reach sizes of several micrometres in height
after only 30 minutes, while the underlying layer of ruthenium is about 700 nm. On the other
hand, the density of microcrystals is much higher than that of the underlying layer. Such a
change in a process controlled by outward diffusion is simply inconceivable because short
circuits are essential for nanowire growth. Therefore, microcrystals are likely formed by a
CVD mechanism from RuO4 generated in the central area. The growth of these objects would
then be driven by a Volmer-Weber mechanism. This would explain why the domain where

microcrystals are found (~1.5 mm in width — see figure 5) does not depend on time.

4. Conclusion
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Contrary to raw ruthenium substrates, thin films of ruthenium deposited on fused silica by
pressure-modulated magnetron sputtering enable the growth of single-crystalline RuO>
nanowires over large area by micro-post-discharge oxidation at atmospheric pressure. They
grow typically at temperatures below 550-600 K, provided the level of stress is high enough
to fragment grains in sub-grains with sizes between 30 and 50 nm. The role of the micro-
afterglow is mainly to provide active oxygen species like O or O2(a), enabling a reduction of
the processing temperature. Because of the alternation of dense and porous layers forming the
coating, inward diffusion of vacancies leads to no patent Kirkendall's effect insofar as pores
are distributed over the whole coating thickness and not mainly at the interface with fused
silica. Near the centre of the treatment where gaseous RuOs is formed as soon as the
temperature is higher than 900 K, a ring of microcrystals is formed, likely by a CVD

mechanism.
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FIGURE CAPTIONS

Figure 1: Experimental set-up.

Figure 2: Steady-state temperature profiles of the outermost surface of the sample for a=1
and a=0.57. Corresponding 2D-temperature distribution in colour map from model.

Figure 3: Top and cross-section views of the three nanostructures observed from the centre
outward.

Figure 4: Detail of the microcrystals belt at the edge of the evaporated area after sufficiently
long treatment time (4h in this example). In the nanodot area, some large isolated
microcrystals are clearly visible.

Figure 5: Map showing the localization of nanostructures on the treated surface as a function
of time.

Figure 6: Non-localised production of RuO> nanowires. Micrographs from a) to d) are
successive magnification of squared areas. In micrograph a), nanowires coat homogeneously
an area of about 10000 um?.

Figure 7: Radial evolution of X-ray diffraction patterns of a ruthenium film deposited on
fused silica after a 2-hour treatment.

Figure 8: SIMS depth-profiles for different radial distances (treatment time: 2h). SEM
micrographs correspond to areas where measurements were made.

Figure 9: SEM micrograph of nanowires synthesised after a processing time of 2 hours. An
upper layer with lower grain size is distinctly visible. A zoom is provided where the transition

between this layer and the one underneath is identified by a dotted line.
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Figure 1: Experimental set-up.
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Figure 2: Steady-state temperature profiles of the outermost surface of the sample for a=1

and a=0.57. Corresponding 2D-temperature distribution in colour map from model.
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Figure 3: Top and cross-section views of the three main types of objects observed from the

centre outward.
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Figure 4: Detail of the microcrystals belt (shown by dashed lines) at the edge of the
evaporated area after sufficiently long treatment time (4h in this example). In the nanodot

area, some large isolated microcrystals are clearly visible.
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Figure 5: Map showing the localization of the three types of identified objects on the treated

surface as a function of time.
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Figure 6: Non-localised production of RuO: nanowires. Micrographs from a) to d) are

successive magnification of squared areas. In micrograph a), nanowires coat homogeneously

an area of about 10* pum?.
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Figure 7: Radial evolution of X-ray diffraction patterns of a ruthenium film deposited on

fused silica after a 2-hour treatment.
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Figure 8: SIMS depth-profiles for different radial distances (treatment time: 2h). SEM

micrographs correspond to areas where measurements were made.
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Figure 9: SEM micrograph of nanowires synthesised after a processing time of 2 hours. An
upper layer with lower grain size is distinctly visible. A zoom is provided where the transition
between this layer and the one underneath is identified by a dotted line. Circles indicate the

presence of pores all over the layer thickness.
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SUPPORTING MATERIALS FOR REFEREES

27



100000 ~
80000
pac

=5 60000
<
N—’
% 40000

>

Qo

O

20000 + Bi

Si

0 200 400 600 800 1000
Depth (nm)

Supporting material 1: a) SIMS elements profile and b) corresponding SEM image of a
ruthenium coating (thickness: ~900 nm) deposited by magnetron sputtering by applying a
pressure modulation in time. Transitions between layers are visible in the SEM image and are

materialised by dotted lines.
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Supporting material 2: Time evolution of the diameter of the central area evaporated by the
afterglow. The way the diameter is estimated is given by the inserted schematic where a SEM
picture showing the transition between evaporated and coated areas is provided with the

corresponding construction used to determine reyap.
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Supporting material 3: Magnification of the belt showing the microcrystal size gradient.
This belt of microcrystals appears at the edge of the evaporated area after sufficiently long

treatment time.

30



1800 130

16001 a) 1201 b)
1400 1104
g 1200 4 ’é\ 1003
] g
£ 1000 = 9]
= g =
2‘3 800 g a0
& T 8 701
400 - A
60
200
50
O T T T T T T T T T T T T T T T T
2500 3000 3500 4000 4500 5000 5500 6000 2500 3000 3500 4000 4500 5000 5500 6000
Radial distance (um) Radial distance (um)
CI
g 60
Qo
g 557
g 503 C)
5 453
8 404
F 351
S 307
N—
= 25
_qg, 15
2 103
S 53
g O T T T T T T T T
Z 2500 3000 3500 4000 4500 5000 5500 6000

Radial distance (um)
Supporting material 4: Evolutions of a) average length, b) average diameter and c) surface

number density of nanowires as a function of the radial distance.
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Supporting material 5: a) TEM Micrograph of a single-crystalline nanowire. b) high-
resolution image of the selected nanowire. c) Micro-diffraction pattern of the nanowire
appearing in the centre of figure a (ZA = zone axis). d) Fourier transform of figure b.

Nanowires are crystallized all over their diameter and length and no amorphous phase could
be observed at edges. The spacing between adjacent planes is about 0.318 nm, which is
consistent with the lattice parameter expected for the (110) plane of the tetragonal phase of

RuO: (the theoretical value is 0.317 nm).
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