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Abstract. Tungsten oxide nanowires have been synthesized by vacuum annealing in
the range 500°C - 710°C from amorphous-like tungsten films, deposited on a Si(100)
substrate by Pulsed Laser Deposition (PLD) in presence of a He background pressure.
The oxygen required for the nanowires formation is already adsorbed in the W matrix
before annealing, its amount depending on deposition parameters. Nanowire crystalline
phase and stoichiometry depend on annealing temperature, ranging from W;gOy9-
Magneli phase to monoclinic WOj3. Sufficiently long annealing induces the formation
of micrometer long nanowires, up to 3.6 ym with an aspect ratio up to 100. Oxide
nanowires growth appears to be triggered by the crystallization of the underlying
amorphous W film, promoting their synthesis at low temperatures.
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1. Introduction

The unique electronic and electro-chromic properties of nanostructured tungsten oxides
and in particular of tungsten oxide nanowires (NWs) make them interesting for
applications in many technological fields such as gas and pH sensing [1, 2, 3], water
splitting [4] and field emission [5, 6, 7]. The preparation methods of NWs may follow
different strategies: direct growth of NWs during thermal treatment from a tungsten
surface (W) exposed to an inert gas containing oxygen impurities [8, 9, 10, 11, 12]; vapor
phase growth on several substrates (e.g. carbon fibers) starting from a tungsten oxide
(WO,) source [13, 14, 15]; solvothermal synthesis of metal-organic compounds [16, 17];
annealing of WO, in reducing atmosphere [2].

Among these processes of synthesis, the direct growth method has attracted much
attention due to its simplicity and the high degree of crystallinity of the obtained
products. NWs direct growth depends on several process parameters: annealing
temperature, W surface morphology, presence and stoichiometry of WO,, etc. [11, 18].
Despite the variety of successful approaches, a well assessed growth model is absent and
the dynamics that lead to the NWs formation are not fully understood yet. The presence
of oxygen at very low concentration in the inert gas is essential for the production of NWs
[19]. The relevance of the oxidation state of the W surface before the NWs synthesis
(oxidized W vs non-oxidized W) is still matter of debate [9, 5]. In the works by Klinke
et al. [10] and Yu et al. [20], related to the formation of W oxide NWs and ZnO needles,
a possible driving force for NWs growth is suggested to be related to the formation of
a stressed state at the interface between surface oxide and bulk metal, due to physical
or chemical modifications of the system (e.g. formation of W compounds like tungsten
carbide). In such situation the NWs growth would allow the relaxation of the strained
oxide at the W/WO, interface.

The growth of NWs directly from W films deposited on silicon substrates might pave the
way to the integration of NWs on silicon chips. However the synthesis of NWs usually
occurs at high temperatures (650 - 1300°C) [11] and this may limit their applicability to
the semiconductor technology. Above 750°C NWs sublimation takes place, preventing
the formation of micrometer long NWs [19]. The lowering of the reaction temperature
is therefore one of the main goals in tungsten NWs production. One route is to start
from W compounds, like W5N, instead of metallic W. Using this kind of material the
reaction temperature ranges between 600 - 700°C. NWs with length between 250 nm
and 1 pum are obtained if sufficiently long annealing time is adopted. However, even at
600 - 700°C, beyond a certain critical size the sublimation rate of the NWs overcomes
the deposition rate limiting the attainable NWs length and density [18].

We propose a new growth strategy for NWs of tungsten oxide, which relies on vacuum
annealing of metastable defective W structures, like nanostructured or amorphous
metallic tungsten. Recently, thanks to the use of Pulsed Laser Deposition (PLD),
an out of equilibrium physical vapor deposition technique, it has been demonstrated
the possibility of depositing micrometer thick films of amorphous-like metallic W (a-W)
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with variable oxygen content [21]. Thanks to the out of equilibrium structure and to the
rather peculiar presence of a large quantity of unbound oxygen within the a-W matrix,
the growth of micrometer long tungsten oxide NWs takes place after a simple annealing
in vacuum at temperatures in the range 500°C - 710°C. Due to the disordered nature
of the amorphous-like material film, crystallization occurs at much lower temperatures
compared with microcrystalline W [22], thus promoting the formation of local stresses
at the surface of the a-W film at low temperatures. The NWs properties depend on the
oxygen content and surface state of the a-W films. NWs growth and stoichiometry, at
varying temperature and duration of the annealing, have been investigated.

2. Experimental

Amorphous-like W films are deposited using PLD. In our experiments nanosecond laser
pulses at A=532 nm, 7 ns of temporal duration and 815 mJ of energy per pulse are
focused on a 2 inch diameter W target. The species ablated from the target expand
in a vacuum chamber reaching a base pressure of 1073 Pa, where a He background gas
pressure of 40-75 Pa is present. The expanding species are collected on a substrate,
silicon (100), positioned 60 mm away from the target. The presence of He in a
proper pressure range determines the deposition of amorphous-like compact films of
W: further details are reported in [21]. The deposited films have been annealed in
vacuum (base pressure 107° Pa), by ranging the temperature between 200°C and 710°C;
annealing time varies between 4 and 10 hours. Film structure and morphology have
been characterized by XRD, using a Panalytical X'Pert PRO X-ray diffractometer
in 0/20 configuration, and with a Zeiss Supra 40 Field Emission Scanning Electron
Microscope (SEM, accelerating voltage 3-5 kV). In order to check film composition, we
performed Energy Dispersion Spectroscopy analysis (EDS) using an accelerating voltage
of 5 kV, to excite M, and K, electronic levels of W and O respectively. The inspected
thickness range is about 100 nm, depending on the penetration depth of electrons and
the density of the W films. Stoichiometry and crystallinity of the annealed samples
have been investigated by Raman Spectroscopy using a Renishaw InVia spectrometer
in backscattering geometry. The using excitation wavelength is 514.5 nm from an Ar
ion laser. HRTEM analysis on NWs were performed by a Jeol 2200FS field emission
gun microscope, working at 200 kV. Local compositional analysis of the samples, at
surface and in depth, and check for oxidized phases were performed by UHV Scanning
Auger Microscopy (SAM) (PHI 660) [23]. Measurements were taken at V. = 10 kV of
accelerating voltage, I= 10 nA of electron beam current and with an energy resolution
of AE/E=0.5%. Sputtering by Argon ion beam (V=4 kV, I= 1 pA) was used to remove
contaminants (mainly Carbon) from sample surface. Preliminary, Auger spectra were
measured on metallic W wire and crystalline WO3 samples as standards for tungsten,
respectively in the pure and oxidized phase. Since W oxides might be subject to
electron beam damaging (reduction), Auger WOj3 reference standard was cross-checked
in stoichiometry by Raman spectroscopy and EDS.
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Figure 1. SEM image of NWs grown after vacuum annealing for 4h at 650°C of a-W
film with an O content of 33.5%, deposited at 40 Pa.

3. Results

An example of NWs nucleated at the surface of metastable a-W film, after thermal
annealing in vacuum at 650°C, is reported in Fig. 1. In this case the NWs are 340-400
nm long with a mean thickness of 20-40 nm, showing an aspect ratio of about 8-20. As
explained below, the formation of NWs after vacuum annealing is made possible by the
amorphous-like nature of the W coatings, which, beside owning an out-of-equilibrium
structure, retain high amount of oxygen.

In section 3.1 crystalline disorder, oxygen distribution and the existence of oxidized
phases of a-W films prior to the vacuum annealing are discussed.

In section 3.2 the features of the grown NWs (e.g. length, growth density and
crystallographic phase) are presented, depending on process parameters like oxygen
content, annealing time and temperature.

3.1. Analysis of the a-W film: oxygen amount and oxidation state

W films deposited in vacuum exhibit a columnar growth and crystalline structure [21].
If background He gas is fed at either 40 Pa, 50 Pa or 75 Pa during the deposition of
the a-W film, a morphology constituted of nanometric grains with random orientation
is obtained. This kind of structure is called amorphous-like [21], see Fig. 2 (left). The
corresponding XRD spectrum, see Fig. 2 (right), exhibits only a broad band centered
around 26 = 40 degrees over the whole range, with a full width at half maximum around
5 degrees. This value is compatible with the XRD bands of amorphous metallic alloys
[21].

In the direct growth method the presence of an oxygen source is essential during NWs
growth. Oxygen can either be present in the vacuum chamber as residual gas [9, 5],
or it can be added intentionally as Os flux [19, 11] or as HyO steam [12]. Amorphous-
like W films can retain high amounts of interstitial oxygen, probably adsorbed at the
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Figure 2. Left: SEM image of amorphous-like W film taken in cross section. Right:
XRD spectrum of a-W, the broad band around 40 degrees is visible.
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Figure 3. Characterization of oxygen content in the a-W film: (left) SAM depth
profile analysis made at the periphery of a-W deposited at 75 Pa of He going from
the surface to 400 nm (right) EDS analysis, investigated volume 100 nm, ranging from
center (r/ro=0) to periphery (r/ro=1) of a-W films deposited varying He pressure.

inter-granular volume. Oxygen is incorporated in the a-W matrix during the deposition
process, where it is present as an impurity in the He gas, rather than reacting with W at
film surface, after deposition, because of air exposure. This hypothesis is supported by
results of SAM depth profiling analysis, shown in Fig. 3 (left). Oxygen concentration
is constant in depth and no concentration gradients are appreciable along the cross
section of the film. The amount of stored O in the W layer increases with the deposition
pressure; the higher the pressure, the higher is the retained O amount [21]. In Fig. 3
(right) the elemental composition of the W films deposited at varying He pressure and
radial position is presented, as characterized by EDS. In the columnar films, deposited in
vacuum, oxygen concentration amounts to about 3% and does not depend on the radial
position from the wafer center, towards which the PLD plume is oriented. Oxygen
uptake is more relevant in the a-W films, and linearly increases in going from the center
to the periphery of the wafer. This kind of oxygen distribution can be related to the
dynamics of PLD deposition. During the PLD process, the He background gas interacts
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Figure 4. SAM analysis, W NNN spectra of bulk W, amorphous-like W and crystalline
WOs;.

with the different parts of the expanding plume and, consequently, the species arriving at
the periphery of the deposit can be less energetic and less dense compared to those that
form the central part of the film [24]. This inhomogeneity induces, besides a different
film thickness, a gradient of oxygen concentration and, probably, a different grain’s
surface defects state. The richest oxygen region is the outer region of the deposit, where
oxygen concentration ranges between 30% and 45% depending on He pressure.

In order to assess the condition of nucleation of NWs, it is of great interest to locally
check for the existence of oxidized W phases in the a-W films. Auger spectra in Fig.
4 show the W(NNN) Auger transition peak around 180 eV of the W metallic standard
(bulk W), of the WOj3 reference and of the bulk of a-W film deposited at 40 Pa. The W
NNN Auger peak energy and line-shape measured on the a-W and the W metal surfaces
are very similar, differently from the WOj3; case where the peak energy is lower by a
couple of eV and the line-shape is clearly different. This is an evidence of the metallic
nature of the a-W and of the absence of chemical binding between the W and O atoms
residing in the bulk [25].

In summary, among the W substrates which may promote NWs formation, PLD grown
a-W thin films are promising candidates, due to out-of-equilibrium amorphous structure
and the presence of large amounts of unbound oxygen in the W matrix.

3.2. Producing NWs by vacuum annealing of a-W films, role of process parameters

Fig. 5 shows the SEM images collected on three regions, moving from the center to the
periphery of the samples deposited at different He deposition pressure, after vacuum
annealing at 650°C for 4 hours. In the labels the corresponding oxygen content, as
determined by EDS before annealing, is also displayed. Growth of NWs seems to be
affected by the features of a-W films, such as oxygen concentration and local defect
state which in turn depend on He deposition pressure and radial position.
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Amorphous-like W films deposited at 40 Pa and 50 Pa promote NWs growth mainly in
the middle region (r/rp = 0.5) and at the periphery of the sample (r/ry = 1). Radial
distance from the center also influences density and length of the NWs. In general the
central region is poorly populated by NWs; the most populated region is the one in the
middle, while at the periphery the NWs grow less dense but longer than NWs grown in
the middle region. This is not surprising as the film surface defects, that might act as
nucleation centers, are non uniformly distributed, in ranging from center to periphery
of the a-W films.

Also oxygen concentration plays a pivotal role in determining NWs nucleation. By
considering a-W films deposited at 40 Pa and 50 Pa we can state that an oxygen
concentration of 7.3% (averaged by the EDS probe over a volume of several u* ) does
not allow NWs growth, whilst an O concentration between 19% and 38.2% allows NWs
production.

On the other hand amorphous-like-W films deposited at 75 Pa, substantially do not
promote NWs development, except a weak growth in the middle region. A possible
explanation of this inability is presented in the discussion section.

The dependence of NWs growth on the annealing temperature has been investigated, in

the case of a sample presenting an O content of about 30% (at the periphery of an a-W
film deposited at 40 Pa of He), see Fig. 6. Below 450°C, no NWs growth takes place, at
500-650°C NWs are detected, whilst the raise of the temperature up to 710°C leads to an
increase of NWs density, at same NWs length. NWs synthesis temperatures reported in
literature usually range between 650 and 1100°C [11]; in this range sublimation of NWs
takes place, thus limiting NWs length to about 450 nm [19, 18]. On the other hand,
in our case by using a-W, NWs growth takes place also at 500°C, which is consistent
with the typical onset of surface diffusion in W, which is set around 130°C [26]. We
then performed a long annealing (10 h) at this temperature, with the aim of producing
longer NWs. Some examples are displayed in Fig. 7. In this case the grown NWs are
up to 0.85-3.6 pm long, with thickness ranging between 20 nm and 40 nm. The aspect
ratio is therefore boosted to about 40-90.
As already discussed the length and density of NWs is related to their radial position.
The central region, Fig. 7 a), is less populated than outer regions Fig. 7 b). Differently
from the NWs synthesized by annealing for 4 hours at 650°C - 710°C, at the base of
each NWs a nanoparticle (NP), of about 50 nm, is present, see Fig. 7 ¢). It is known
that metallic NPs are often used to catalyze NWs growth (e.g. Au NPs are used during
the growth of Si NWs) following the Vapor Liquid Solid Growth scheme (VLS) [27],
with the catalyst NPs ending at the top of the NWs. The presence of WO, NPs at the
bottom of NWs has been addressed as auto catalyst VLS growth, as already observed
in the synthesis of ZnO NWs. In this case after the formation of a NP, NWs nucleation
and growth take place at the top of NPs [28, 29]. In addition to the grown NWs it is
also possible to see thicker nano-slab or nano-stripes [19, 30, 31, 32] that grow along the
surface of the sample, see Fig. 7 d). This kind of structure as been already detected
during the NWs synthesis in other cases.
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Figure 5. SEM secondary electron images and EDS analysis performed in different
positions of the sample on a-W films, deposited at different He pressures, after

annealing at 650°C for 4h.

200 - 450°C

Figure 6. SEM image of NWs grown at the periphery of the a-W film, deposited at 40
Pa, after vacuum annealing for 4 h at different annealing temperatures. The Oxygen

content is 33.5%.
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Figure 7. SEM image of NW grown after vacuum annealing at 500°C, for 10 h: a)
film center, b) middle and periphery of film, ¢) NPs at the base of NWs, d) nano-slabs

Figure 8. TEM images of NW grown at 500°C that exhibit the W;13049 structure
(upper image) and 650°C (lower image) that exhibit the WOs structure. The
corresponding Fast Fourier Transform (FFT) are present in the insets.
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Figure 9. Raman analysis of the a-W films after being annealed at different
temperatures.

The structure of NWs produced either at 500°C or at 650°C has been investigated
using high resolution TEM, see Fig. 8. Both structures are of crystalline nature. The
NWs grown at 500°C are highly regular and their thickness does not change on the
whole length. They show the typical features of the Wi5Oy49 [33] phase, with a high
degree of crystallinity. NWs grown at 650°C exhibit a different morphology. They are
tapered, and thickness increases in proceeding from the base to the top. In addition,
they are not regular and seem to be polycrystalline, while their crystalline structure
has been assessed as monoclinic WO3 [34]. NWs features and stoichiometry have been
characterized as well using Raman Spectroscopy. Characterization of films deposited at
40 Pa of He and annealed respectively at 500°C, 650°C and 710°C, are shown in Fig. 9.
Before annealing, no Raman signal is present, as expected for metallic tungsten. After
vacuum annealing, only the films leading to NWs formation reveal a Raman signal that
is related to the formation of tungsten oxide structures at the surface of the film. The
lower spectrum in the figure refers to the long NWs obtained after annealing at 500 °C
for 10 hours, while the other two spectra are related to annealing at 600 °C and 710
°C for 4 hours. As a general observation, all of them present a band-like aspect, as
usually happens for disordered or confined systems [35]. Also a distribution of W-O-W
bond lengths, as suggested for (WO;3;_,) NWs, can account for broad featureless bands
[36, 37]. More in details spectra are characterized by a low frequency band below 500
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cm™!, related to O-W-O bending modes, and a high frequency band, between 600 and
1000 em ™!, attributed to W-O stretching modes [38]. The spectrum of NWs annealed
at 500 °C appears to be different from the two others. Firstly the high frequency band is
less intense than the low frequency band as expected in case of sub-stoichiometric oxide
[2, 38]. This is in agreement with the TEM attribution of these NWs to the W;5O49
phase. Moreover this band appears to be divided into two broad feature, where the one
at about 950 cm™! is usually attributed to W=O0 stretching modes at grain boundaries
and surfaces [38], hence compatible with the high aspect ratio of these long NWs. In
the two other spectra the two bands are more symmetric, as is usual in the case of
stoichiometric oxide, confirming that in these cases the NWs are composed mostly by
WO3; nanocrystals.

The most common crystallographic phase for the NWs grown in needle-like structures
is WigOy9 [12]. Nevertheless, depending on the growth method it is also possible to
obtain WO3 NWs with different crystalline phases: monoclinic [39, 2|, triclinic [40]
and hexagonal [41]. Therefore, it is possible that during the annealing of a-W the
different annealing temperatures trigger different local condition at the surface and
different reaction kinetics which, in turn, promote the formation of different crystalline
phases and structures. In particular at high temperature, 600 °C - 710 °C, fast dynamic
leads to the formation of polycrystalline WOj3 needle-like structures. Annealing at low
temperatures, 500 °C, allows the synthesis of much ordered structures via a two step
synthesis. Firstly WO, nanoparticles grow on the W surface. Subsequently from the
facets of the nanoparticles the development of highly crystalline Wi3O4 NWs occurs.
To summarize, the annealing of a-W layers determines a new kind of NWs synthesis
whose main features are:

e micrometer long NWs up to 3.6 pum;

e reaction temperature in the range 500°C - 710°C. This interval allows lower
synthesis temperatures compared with other cases [19, 11, 10];

e no gas flow is required, the proper oxygen amount, determined by deposition
parameters, is already present in the a-W film;

e variable crystalline structures in dependence on annealing temperature: at 500°C
the NWs exhibit the W;gOy49 crystalline structure, at 650°C it changes to WOs;

4. Discussion

As already discussed in the introduction, although the mechanism of nucleation of NWs
from W surface is not fully understood, in the literature their growth has been related to
the existence of an interfacial stress field between an outward WO,, layer at the surface
and the W matrix. NWs growth would convert strained oxide at the W/WO,, interface
to unstrained oxide in the NWs [6, 10].

In the present case, the strain may be induced by a different situation, that is the
formation of a crystalline W phase in the underlying amorphous-like W matrix. In Fig.
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Figure 10. left: XRD spectra of a-W deposited at 40 Pa, annealing time 4h, varying
annealing temperature. right: XRD spectra of a-W samples annealed at 650°C raising
oxygen content. The peak around 40 degrees has been related to the (110) reflection
of a crystalline W phase

10 (left) the XRD spectrum of the a-W layer, deposited at 40 Pa, at different annealing
temperature is reported. Below 500°C, that is the threshold temperature for NWs
formation, the a-W film is amorphous and shows a broad band around 20 = 40 degrees.
As temperature increases above 500°C, XRD reflections appear, does indicating the
nucleation of the a-W crystalline phase embedded in the metastable a-W film. Due to
its amorphous structure the crystallization temperature for a-W is much lower than the
corresponding recrystallization temperature for bulk microcrystalline W (about 1300-
1500°C) [22]. The crystallization of the metastable a-W films, in regions with proper
oxygen concentration, will be associated to some amount of stress at interface and
therefore may induce NWs synthesis already at 500°C.

The correlation between NWs production and a-W crystallization is further confirmed
by XRD analysis performed on a-W films annealed at 650°C for 4h, in samples deposited
at various deposition pressures, as shown in Fig. 10 (right). The corresponding SEM
images are displayed in Fig. 5. Films deposited at 40 Pa and 50 Pa lead to the formation
of NWs differently from films deposited at 75 Pa. After annealing, the a-W films
deposited at 40 Pa and 50 Pa crystallize as the (110) reflection of the a-W phase is
visible, but there is nearly no crystallization for the film deposited at 75 Pa of He. The
(110) reflection is not visible and only a small band related to the (200) reflection can
be appreciated. One possible explanation may be related to the highest oxygen content
in the a-W films deposited at 75 Pa. It is known that oxygen plays a fundamental role
in stabilizing W structures like f-W and a-W [22]. In fact, the raise in the amount of
oxygen in the a-W film leads to a decrease in the intensity of a-W reflections in the
annealed films as shown in Fig. 10 (right).
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5. Conclusions

Tungsten oxide NWs were nucleated at the surface of a-W layers by vacuum annealing.
The a-W films were deposited by PLD in the presence of He gas. Thanks to the
amorphous structure, the oxygen needed for the NWs synthesis is already embedded
in the a-W matrix, in dependence on deposition parameters (i.e. He pressure). NWs
growth takes place at oxygen concentration ranging between 20% and 40% and is
promoted by vacuum heating of W, from 500°C to 710°C. NWs length and surface
density are related to the surface morphology of the annealed a-W film. The crystalline
structure of NWs depends on annealing temperature, ranging from W;30,49 - Magneli
phase to monoclinic WO3. Long annealing times (10 h), at 500°C, induce the formation
of NWs up to 3.6 um long. NWs growth appears to be related to the formation of
the crystalline a-W phase in the underlying a-W film, at temperatures well below the
recrystallization temperature of bulk W. The production of micrometer long NWs at
low temperature (i.e. 500°C) through a process so simple as vacuum annealing of a-W
films, may allow the direct integration of NWs on silicon chips.
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