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Abstract

Nanostructured tungsten and tungsten oxide films have been synthesized by pulsed laser deposition (PLD) in different atmospheres (He, Ar, dry

air). The control of the gas pressure in the deposition chamber allows to vary the morphology of the deposited films (studied by scanning electron

microscopy (SEM) and atomic force microscopy (AFM)) ranging from a compact ultrasmooth structure to a porous nano and mesostructure

characterized by a high fraction of voids and by a large specific area. The presence, the structure and the degree of crystallinity of tungsten oxide

have been investigated by Raman spectroscopy. By varying the pressure of the background inert gas (He, Ar) in the 1–1000 Pa range we obtain

metallic films with different degrees of spontaneous oxidation when exposed to the atmosphere. Deposition in dry air permits to grow

nanostructured tungsten oxide films characterized by different degrees of crystallinity, ranging from amorphous to nanocrystalline.
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1. Introduction

Tungsten and tungsten oxide films are interesting materials

for novel technological applications. Properties of tungsten and

tungsten oxide thin films have been explored for electrical

contacts in microelectronics [1,2] and for the development of

sensors and functional coatings (e.g. smart windows) [3–6].

Increasing interest is devoted to tungsten and tungsten oxide for

catalytic applications such as methanol oxidation for fuel cells

[7,8], selective oxidation of organic compounds [9], hydro-

desulfurization of fuels [10] and isomerization reactions

[11,12]. The capability to synthesize bulk materials, films

and surfaces with controlled nano and mesostructure opens up

the way to tailor the physical (e.g. effective surface area, energy

gap) and chemical (e.g. surface reactivity, stoichiometry)

properties in view of device development. In this context, the

increase of the specific effective surface and the comprehension

and control of the electric and optical properties of tungsten
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oxide coatings is of great importance for the development of the

mentioned applications.

Pulsed laser deposition (PLD) is a versatile technique for the

synthesis of a wide range of materials [13,14]. The control of the

ablation plasma expansion permits to vary the dynamics of the

ablated species (atoms, ions and clusters) during their flight

before deposition on the substrate. Plume expansion is affected

by a background gas in the deposition chamber [15,16]. Provided

the pressure is high enough, a background gas increases the

collision rate thus favoring cluster formation in the plume [17].

Moreover, clusters loose energy in collisions impinging onto the

substrate with a reduced kinetic energy after diffusing in the

background atmosphere [18]. PLD in air and N2 at atmospheric

pressure has been already exploited to produce tungsten

nanoparticles [19]; some works have been recently devoted to

the PLD deposition of tungsten oxide nanostructured films

[20,21]. In these cases deposition parameters have been explored

and experiments were mainly focused on the optimization of a

specific property (i.e. gas sensing and electrochromism).

We report on the capability to grow tungsten and tungsten

oxide films with different and controlled nano and mesos-

tructure, ranging from compact to highly porous, by varying the
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pressure of a background gas in the 1–1000 Pa range. Pressure

and gas type (inert or reactive) influence also the oxidation

pathway and the structure of tungsten oxide films.

2. Experimental details

W and WO3 films have been grown by PLD on silicon

substrates at room temperature. UV laser pulses in the

nanosecond regime (10–15 ns), from a KrF excimer laser

(248 nm wavelength), were focused on a W target (purity

99.99%) with an energy density of roughly 4.5 J/cm2. This

value was chosen in order to maximize deposition rate while

minimizing droplet ejection from the target. Films were grown

performing 4500 laser pulses at 10 Hz repetition rate

(deposition time 7.5 min), with target-to-substrate distance

fixed at 50 mm. The deposition rates vary in the 0.2–2 Å/s range

moving from deposition in vacuum to 100 Pa He. The UHV

compatible deposition chamber is equipped with a 500 l/s
Fig. 1. SEM micrographs of tungsten films deposited in Ar at (A) 1 Pa, (B) 20 Pa, (C)

structure deposited at 1000 Pa dry air.
turbomolecular pump backed up by a scroll dry pump. The

system is equipped with a gas inlet system, a mass flow

controller and a full range pressure gauge, thus allowing

pressure control over the 10�7 Pa to atmospheric range.

SEM micrographs were acquired with a Cambridge Stereo-

scan using 30 keV primary acceleration voltage and 10 pA probe

current. High-resolution images were acquired with a cold field

emission Hitachi S-4800 scanning electron microscope. Atomic

force microscopy (AFM) measurements were performed with a

Thermomicroscope CP Research in non-contact mode with high

resonance frequency silicon cantilevers. The film surface root

mean square (rms) roughness was estimated from the surface

height z(x, y) data measured by AFM. Micro-Raman measure-

ments were performed with a Renishaw InVia spectrometer

using the 514.5 nm wavelength of an Ar+ laser. Spectra were

acquired by a 1800 greeds/mm grating, a super-notch filter (cut-

off at 100 cm�1) and a Peltier-cooled CCD camera, allowing a

spectral resolution of about 3 cm�1.
40 Pa, (D) 60 Pa, (E) 400 Pa, and (F) high resolution SEM image of a snowflake
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3. Results and discussion

Films deposited in inert gases (He, Ar) show a wide range of

morphologies as a function of the background gas pressure, as

revealed by SEM observations. SEM micrographs of films

deposited in argon are shown in Fig. 1. In particular, increasing

gas pressure from high vacuum conditions (10�5 Pa) up to a few

Pa, films appear compact with a smooth surface. At a few tens

Pa the roughness increases and the morphology begins to show

a nano and mesostructure evolving progressively towards an

open and porous structure. Finally, for gas pressure exceeding a

few hundreds Pa (up to 1000 Pa) the film surface appears

spotted with soft and snowflake structures emerging from a

compact, smooth background. These structures are made of

small nanoparticles, about 5–20 nm in diameter, as revealed by

high-resolution SEM images (see Fig. 1F).

The same general trend is observed when helium is used as the

background gas. Yet, the pressure thresholds between the above

discussed morphologies (namely smooth, nanostructured and

snowflake structures) are affected by the inert gas mass. Shifting

from Ar to He, gas mass is reduced by a factor of 10 (i.e. from 40

to 4 a.m.u.). As a result, films deposited in helium begin to show a

nanostructured surface at 60 Pa while the same threshold for

argon is around 20 Pa. Moreover at 400 Pa He the films show a

porous, sponge-like but connected structure, not yet revealing the

snowflake structures already observable at 200 Pa in Ar.
Fig. 2. 1 mm � 1 mm scan size AFM images of films deposited in He and Ar showin

10 Pa-Ar, (B) 20 Pa-Ar, (C) 40 Pa-He, and (D) 60 Pa-He.
AFM measurements were performed to better investigate the

details of film surface and the crossover between different

morphologies. AFM images shown in Fig. 2 compare the

crossover from a compact, smooth to a nanostructured surface

for films deposited either in helium or in argon. Moving from 40

to 60 Pa helium the surface morphology changes drastically

and the surface roughness increases by a factor of 10 (from 0.2

to 2 nm rms roughness). A similar, though not identical, change

is observed in argon moving from 10 to 20 Pa, even though the

rms surface roughness does not increase significantly (from 0.5

to 1 nm). The trend of surface roughness as a function of gas

pressure, shown in Fig. 3, reveals an abrupt increase of the

roughness beyond 20 Pa Ar and 70 Pa He. This corresponds to a

change in the film formation mechanisms. Beyond 100 Pa He,

and beyond a slightly lower Ar pressure, not reliable AFM

images could be obtained, owing to the presence of soft

structures with high peak-to-valley ratios.

The overall observed morphologies are the result of the

variation of the film growth mechanisms. In vacuum extremely

smooth surfaces grow mainly atom by atom apart from the

presence of some droplets presumably due to hydrodynamic

sputtering of the target (typical PLD drawback). In a

background gas the length of the ablation plume (at least its

visible, light emitting, component) reduces when increasing gas

pressure or mass [22]. This plume confinement favors cluster

formation and the kinetic energy of the particles in the plume is
g the pressure threshold between compact and nanostructured morphology. (A)
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Fig. 3. Surface roughness of films deposited in He and Ar as a function of the

gas pressure.
strongly reduced, especially when the plume becomes smaller

than the target-to-substrate distance and particles diffuse in the

background gas. In our experiments this transition occurs at

about 30–40 Pa Ar and 100 Pa He and corresponds to the

formation of highly porous nanostructured films with a marked

three-dimensional growth. In this initial work the target-to-

substrate distance and the energy density per pulse were kept

constant, while pressure only was varied. The coupled effect of

changing both gas pressure and target-to-substrate distance is

currently under investigation.

Films were also deposited in dry air to study the capability of

growing tungsten oxide films with controlled stoichiometry,

crystallinity and morphology, starting from oxidized precursors.

The surface morphology of these films is again characterized by

the same general trend between different morphologies, with

slightly smaller threshold pressures than for films deposited in

argon. In this case a direct correlation between film morphology

and gas mass is more difficult due to the chemical effect of

oxygen on the ablated species. Raman spectra in Fig. 4 show the
Fig. 4. Raman spectra of films deposited in dry air as a function of the gas

pressure.
effect of depositing in an oxidizing atmosphere: at 10 Pa dry air

the typical signal of amorphous tungsten oxide [23] starts to grow

(broad bands at 100–500 and 600–1000 cm�1), while at 1 Pa the

absence of Raman signal suggests a metallic nature of the film. At

about 40 Pa and at higher pressures the sharpening of the Raman

bands towards well defined peaks indicates an increase of the

correlation lengths maybe due to the presence of nanocrystals of

increasing size. In particular, the low frequency features are

related to O–W–O bending modes and to vibrations of WO6

octahedral units; features in the 600–800 cm�1 range are related

to W–O stretching modes [24], while the feature at about

960 cm�1 (whose intensity decreases and ultimately disappears

with increasing pressure) has been attributed by some authors to

W O stretching modes at grain boundaries, observable when the

grain size is in the nm range [25,26]. Finally, films deposited at

1000 Pa dry air show Raman peaks at 807, 718 and 270 cm�1,

typical of polycrystalline WO3 in either monoclinic (g) or

triclinic (d) phase (unique assignment is not possible due to the

presence of these peaks in both the monoclinic and triclinic oxide

phases). The presence of other weak features (such as the signals

at roughly 640 and 678 cm�1) suggests the coexistence of

different oxide phases.

It is worth noticing that also Raman spectra of films

deposited in inert gases reveal the tendency towards

spontaneous oxidation when the samples are exposed to

ambient air. Raman spectra as a function of the background

inert gas pressure are shown in Fig. 5. Films deposited at low

pressure are metallic (i.e. no Raman signal) while, increasing
Fig. 5. Raman spectra of films deposited in Ar (top) and in He (bottom) as a

function of gas pressure.
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pressure, amorphous tungsten oxide bands start to grow. At

higher pressures these bands do not evolve towards crystalline

peaks (the 960 cm�1 peak is always present), apart from a peak

at about 275 cm�1 which is anomalous in sharpness and

intensity with respect to the rest of the spectrum, making it

difficult a precise assignment (an assignment to WO2

crystallites is not straightforward since the Raman spectrum

of this phase is characterized by two strong peaks at 285 and

781 cm�1 with similar intensity [27]). From the spectra shown

in Fig. 5 it is clear that the transition from metallic to

amorphous oxide films takes place over the same pressure

range where film morphology begins to change from compact

to nanostructured, i.e. about 60 Pa for helium and 10–20 Pa for

argon. In this case it is reasonable that a mainly surface

oxidation occurs; the latter is favored by the nanostructuring of

the building blocks and by the corresponding increase of the

effective surface area of the deposited material. The spectra of

the amorphous oxide phase observed in He and Ar depositions

display some differences with respect to the amorphous WO3

films deposited at low dry air pressures, i.e. the 275 cm�1 peak

evolution and the position of the W–O stretching band. Further

investigation is needed to understand the origin of these

features and thus of the oxidation mechanisms. Of course, both

in situ and spontaneous post-deposition oxidation take place

when dry air is employed, and more experiments (e.g. in situ

Raman scattering) are needed for a complete comprehension of

the oxidation mechanisms.

4. Conclusions

In conclusion, tuning background gas mass and pressure as

well as oxygen content in the PLD deposition chamber opens

the possibility to grow nanostructured tungsten and tungsten

oxide films with different degrees of oxidation and crystallinity,

controlling the structure over several length scales. In

particular, large specific surfaces can be obtained, making

these materials interesting not only for sensing applications but

also for other chemical application like catalysis.

In order to improve the control on the grown morphologies,

current and future works are focused on the investigation of the

influence of target-to-substrate distance and pulse energy

density on plasma dynamics and aggregation and deposition

mechanisms, and thus on film properties. Preliminary experi-

ments indicate that the ability to control the above discussed

film properties by tuning the pulsed laser deposition conditions
can be easily extended to a wide variety of metal and metal

oxide films.
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