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Abstract WO; and Ag-WO; nanocomposite thin films
have been synthesized from pure WO5; and Ag-WO; com-
posite pressed powder targets submitted to pulses generated
by a frequency quadrupled Nd:yttrium aluminium garnet
(YAG; 4 =266 nm, T ~ 5ns, v= 10 Hz) laser source.
The irradiations were performed in low pressure oxygen
atmosphere. The obtained results proved the possibility to
tailor the synthesized thin films optical properties in the
UV-Visible spectral region and their nano-scale electrical
characteristics through the process parameters, as ambient
oxygen pressure value during the thin films deposition and
Ag concentration of the Ag-WOj3; composite targets. The
tunable optical and electrical features allow for the creation
of new materials for future applications as photocatalysts,
transparent conducting electrodes, electrochromic or chem-
ical and biological sensor devices.
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films offer an exciting pathway for the creation of new
materials which meet designer-specified optical, electrical,
or catalytic properties. Such artificial materials have unique
properties and can be employed for various potential
applications in areas such as plasmonics, X-ray optics,
nonlinear optics, microelectronics and optical data storage.

Among transition-metal oxides, tungsten trioxide (WOs3)
attracted the interest of the scientific community due to its
promising technological applications. It is a widely used
material in electrochromic devices [1-3], selective catalysts
for oxidation and reduction reactions [4], as well as trans-
parent conductive oxide electrodes [5]. WO3 is also of high
interest as active layer in NHj3 [6], H, [7], H,S [8], NOy
[9, 10] or CO [11] gas sensors. Inclusion of noble metal
nanoparticles (NPs) with high catalytic activity [12] such as
Pd, Pt, Ag, Ni or Au in the structure of transition-metal
oxides has been reported to be effective for the enhancement
of sensitivity and selectivity of gas sensors, reducing the
response and recovery times [7, 13-20]. Moreover, photo-
catalytic activity of noble metal loaded transition metal
oxides was improved as compared with bare transition metal
oxides. Photocatalytic activity of Ag loaded WOj3 under
visible-light irradiation was found to be about three times
higher than that of WO; [21]. Dispersed Au NPs on TiO,
films enhanced the photocurrent generation with five folds
and the photocatalytic activity was improved more that two
folds as compared to TiO, under UV light irradiation [22].
Moreover, bactericidal performance of silver modified
transition metal oxide photocatalyst was demonstrated.
Gram-negative model microorganisms were effectively
inactivated by Ag-TiO, nanocomposites under visible light
irradiation. It was found that the growth of microorganisms
can be completely inhibited and thus the nanocomposites are
applicable for the removal of biological impurities from
drinking and underground water supplies [23, 24].
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Transition metal oxide—noble metal nanocomposite thin
films and nanostructures have been fabricated by many
different processing methods including sol-gel procedures
[25], DC and RF magnetron sputtering [26, 27], direct
femtosecond laser irradiation and successive annealing
[28], or pulsed laser deposition (PLD) [29-31]. PLD has
numerous advantages over other, classical, deposition
methods. It permits a good control of both the crystalline
state of the synthesized materials and their adherence to the
substrate surface. Moreover, since the energy source is
outside the enclosure where the synthesis process takes
place, the incorporation of contaminants in the growing
films during the deposition process is avoided [32-34].

The authors present results on the characterization of
WOj; thin films and Ag-WO; nanocomposite thin films
grown by pulsed laser deposition (PLD) technique on SiO,
(001) quartz substrates. A frequency quadrupled Nd:YAG
laser was used for the irradiations. The experiments were
performed in controlled oxygen atmosphere. This study is a
continuation of the study concerning WOj thin films syn-
thesis by pulsed laser deposition [35]. The previous results
served as starting point for the setting of the process
parameters. It was found that oxygen pressure higher than
10 Pa lead to the synthesis of oxide thin films, below this
value the films were metallic. In this article the authors
investigated (i) the effect of the ambient oxygen pressure
value above this threshold value and (ii) the Ag dopant
concentration in the Ag-WO3 composite targets submitted
to laser irradiation on the surface morphology, composi-
tion, crystalline status of the synthesised WOj thin films as
well as Ag-WO; nanocomposite thin films. The obtained
results were correlated with the films’ functional, optical
and nano-scale electrical properties.

Experimental details

The growth of WO3 and Ag-WO3 nanocomposite thin films
was performed inside a stainless steel reaction chamber. A
pulsed frequency quadrupled Nd:YAG laser (4 = 266 nm,
Trwum ~ J ns, v = 10 Hz) was used as energy source.
The laser fluence on the surface of the WO; and Ag-WO;
composite targets was fixed at 3 J/cm?. The laser beam
incidence angle was about 45° relative to the normal of the
targets surface. The target preparation protocol consisted of
pressing of WOj3; and mixture of Ag and WOj3; powders at
0.5 MPa pressure. The Ag concentration was chosen in the
(1.5-3) wt% range. The obtained pellets were sintered for
6 h at 1100 °C temperature.

The targets were translated and simultaneously rotated
during the multipulse laser irradiation with a frequency of
3 Hz. The SiO, (001) quartz substrates were positioned at
30 mm separation distance from the target surface, parallel

to it. Before the laser irradiation experiments the targets
and substrates were carefully cleaned with acetone in
ultrasonic bath. Additional target cleaning was performed
by a preliminary ablation step which proved to be essential
for removing the last contaminants and impurities. During
this process a shutter was interposed between the targets
and the substrate, parallel to them. Prior to each irradiation
the vacuum chamber was evacuated down to a residual
pressure of 10™* Pa. High purity oxygen (99.9%) was then
circulated inside the irradiation chamber through a cali-
brated gas inlet. The dynamic oxygen pressure was main-
tained constant during the thin films synthesis process at
10 or 20 Pa.

To avoid film pealing and/or cracking the authors used
an EUROTERM controller device which allows for sub-
strate heating and cooling with a smooth ramp. During the
film growth the substrate temperature was fixed at 600 °C.
Once the growth process was completed, the films were
cooled down with a ramp of 10 °C/min. maintaining the
oxygen pressure identical to that used during the deposition
experiments. 15,000 subsequent laser pulses were applied
for the growth of each film.

The WO; as well as Ag-WO3; nanocomposite thin films
were studied by atomic force microscopy (AFM) with a
PicoSPM Molecular Imaging apparatus. The films surface
morphology was studied by acoustic (dynamic) mode while
their local electric properties by current sensing AFM
(CSAFM) [36, 37]. The crystalline status of the films was
investigated by selected area electron diffraction (SAED)
with a JEOL 1210 transmission electron microscope
(TEM) operated at 200 keV and X-ray diffraction (XRD)
in 6-20 configuration with a Philips MRD diffractometer
(CuKe, 4 = 1.5418 A radiation). The preparation of the
samples for TEM studies was carried out by the extraction
replica method. The optical absorbance and transmittance
measurements were performed with a double beam Perkin
Elmer Lambda 19 spectrophotometer in the wavelength
range of (300-1000) nm.

Results and discussion
Morphological and structural properties

Figure 1 shows the AFM images, surface profiles and local
height histograms counted on 1.0 x 1.0 pm? surface areas
of WO3 and Ag-WOs thin films deposited at 10 Pa oxygen
pressure. The surface local height histograms can be
approximated by a simple Gaussian distribution. The WO
film shows grain-like features, with a root mean square
(RMS) surface roughness of about 4 nm. The average
surface local height and the in-plane diameters of the grains
remain approximately the same with the increase of the
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Fig. 1 AFM images, surface profiles, and histograms of surface local heights of (a, b, ¢) WOj; thin film as well as Ag-WO; nanocomposite thin
films obtained through the irradiation of (d, e, f) 1.5 and (g, h, i) 3 wt% Ag concentration WOj; targets at 10 Pa oxygen pressure

ambient oxygen pressure from 10 to 20 Pa. The surface
morphologies of the Ag-WO; films are completely differ-
ent, consisting mostly of large agglomerates. Both in-plane
diameters and height of the surface agglomerates increase
with the increase of the dopant concentration from 1.5
(Fig. 1d—f) to 3 wt% (Fig. 1g—i). The RMS roughness of
the films obtained from the 1.5 and 3 wt% Ag-WO;
composite targets is 8 and 10 nm, respectively.

The bright field TEM investigations (Fig. 2a) evidenced
that the thin films are composed by nanoparticles with
average dimensions around 15 nm. Fig. 2b and ¢ show the
two different, characteristic SAED patterns corresponding
to selected zones of the sample deposited at 10 Pa oxygen
pressure and 3 wt% Ag-doping concentration of the com-
posite target. Indexing the SAED pattern in Fig. 2b the
authors obtain interplanar distances of 0.385 and 0.192 nm
assigned to the (001) and (002) lattice plane reflections of
the orthorhombic f-WO; phase, with lattice parameters
a=7.38, b=751 and ¢ = 3.84 10\, as referred in the
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JC-PDS 20-1324 file [38]. According to the phase diagram,
WOj; adopts at least five different crystallographic phases
at temperatures between zero and its melting point. The
phase transition occurs in sequence in the order monoclinic
&-WQ3, triclinic 5-WO3, monoclinic y-WO3, orthorhombic
f-WOj3 and tetragonal a-WOj3. The monoclinic y-WOj3 to
orthorhombic -WOj3 phase transformation, in bulk, takes
place above 320 °C [39]. The SAED pattern in Fig. 2¢
shows interplanar distances of 0.235, 0.144 and 0.117 nm
attributed to the (111), (222) and (220) lattice plane
reflections of the polycrystalline cubic Ag phase as referred
in the JC-PDS 04-0783 file [38]. As can be observed, the
diffraction rings are discontinuous, constituted by sharp
spots, indicating that the WO; matrix and Ag nanoparticles
are well crystallized. No signal from Ag oxide is observed.

In order to obtain a more general view on the crystalline
structure, the synthesized thin films were also investigated
by XRD (Fig. 3). The diffractograms of the films deposited
at 10 and 20 Pa oxygen pressure are composed by the same
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Fig. 2 a TEM micrograph and (b, ¢) SAED patterns of Ag-WO;5 nanocomposite thin film obtained through the irradiation of 3 wt% Ag

concentration WO; targets at 10 Pa oxygen pressure
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Fig. 3 X-ray diffractograms of WO; thin films deposited at a 20 and
b 10 Pa oxygen pressure as well as Ag-WO3 nanocomposite thin
films obtained through the irradiation of ¢ 1.5 and d 3 wt% Ag
concentration WOj5 targets at 10 Pa oxygen pressure

main diffraction lines at 23.1°, 47.2° and 50.4° attributed to
the (001), (002) and (112) lattice plane reflections of the
orthorhombic f-WO; phase indicating a strong preferred
orientation along the [001] crystal direction, i.e., a mech-
anism of film growth with the crystallographic axis ¢ per-
pendicular to the substrate surface, in accordance with the
SAED results. Nevertheless, with the increase of the Ag
concentration, the intensity of the 23.1° line corresponding
to the (001) lattice plane reflection decreases gradually,
while its full width at half maximum increases (see inserts
of Fig. 3) indicating that crystallization was inhibited by
metal additives incorporation. Metal additives are well
known to modify the oxides grain growth kinetics [40—43].
The grain growth retard was attributed to localized additive

concentration [40]. Moreover, at the highest, 3 wt% dopant
concentration an additional line, at 23.6° appear attributed
to the (020) lattice plane reflection of the orthorhombic
B-WO;5; phase. A shift of about 0.2° of the line corre-
sponding to the (001) lattice plane reflection towards
higher values with the increase of the ambient oxygen
pressure can be also observed in the insert. Similar shift of
the (001) lattice plane towards lower diffraction angles
with the increase of the oxygen pressure was observed also
in case of LaTiOj; thin films grown by PLD, under similar
experimental conditions, due to the change of the lattice
d-spacing parallel to the substrate surface [44].

No lines corresponding to the lattice plane reflections of
the polycrystalline cubic phase Ag are present in the dif-
fraction patterns. This is due the most probably to the low
fraction of Ag nanometer sized clusters in the films. The
authors would like to note that a film thickness of about
150 nm was measured by surface profilometry. For the
3 wt% Ag-doping concentration it can be estimated an
equivalent Ag thickness of several nm. To check the
hypothesis, Ag thin films were deposited under identical
experimental conditions from metallic Ag substituting the
Ag doped WO3 composite targets. Ag diffraction lines can
be identified by XRD measurements performed under
the present configuration only for thickness values of tens
of nm.

The average size of nanocrystallites in the films was
determined by the Scherrer equation [45]: Dyq = 0.94/
Priacostpg where 4 is the X-ray wavelength, 0y is the
Bragg diffraction angle, and f is the full width at half-
maximum (FWHM) in radian of the diffraction line cor-
responding to the (001) lattice plane reflection. The
obtained results are summarized in Table 1. As can be
observed, the nanocrystallites size does not change with the
ambient gas pressure. However, the dopant incorporation
leads to the decrease of the crystallites average dimensions.
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Table 1 WO; nanocrystallites average size, calculated from the
X-ray diffraction data using the Scherrer equation and Urbach energy
as a function of ambient gas pressure and Ag concentration

Table 2 Chromaticity coordinates, (X, y), and tristimulus, Y, value of
the obtained WO3; and Ag-WO; nanocomposite thin films as a
function of ambient gas pressure and Ag concentration

Oxygen Ag Nanocrystallites Urbach Oxygen Ag x,y) Y Colour

pressure concentration size (nm) energy pressure concentration

(Pa) (Wt%) (meV) (Pa) (Wt%)

20 0 325 294 20 0 (0.35,0.34) 807 Transparent

10 0 32.5 360 10 0 (0.29, 0.32) 341 Blue-transparent

10 1.5 27.0 400 10 1.5 (0.16, 0.12) 16 Blue-translucent

10 3.0 16.2 420 10 3.0 (0.16, 0.1) 8 Dark blue-translucent

These results, i.e., inhibition of crystallization with dopant
incorporation are in good concordance with other studies
concerning doped transition metal oxide thin films. Crys-
tallization during the growth process has been demon-
strated to be strongly hindered by the presence of dopant
materials as Au, Pd and Pt in SnO, [40, 41], Pt in TiO, [42]
and Ag in ZnO [43] films. The effect has been attributed to
the incorporation of the dopant into the crystal lattice in
both interstitial and substitutional sites.

Optical and electrical properties

The transmittance spectra in the UV-Visible spectral ran-
ges of the WO; and Ag-WO; thin films are shown in
Fig. 41. The spectrum corresponding to the SiO, (001)
quartz substrates is also presented. Subtracting the spec-
trum of the substrate, the average transmittance of the WO5
film deposited at high, 20 Pa, oxygen pressure is found to
be close to 90% in the visible spectral range. Conversely,
the average transmittance in the visible spectral range of
the WO; film deposited at 10 Pa is very low, less than 40%
at 500 nm and then gradually decreases in the higher
wavelength region. With the increase of the Ag concen-
tration the average transmittance further decreases up to a
value of less than 20%.

From the optical transmittance spectra the chromaticity
coordinates (X, y) and the standard tristimulus value, Y, of
the thin films were calculated. As known, the chromaticity
coordinates specify the colour in the CIE chromaticity

diagram, while the standard tristimulus value is a measure
of the brightness [46]. Table 2 contains the obtained
results. The authors attributed the low transmittance values
at low oxygen pressure to the formation of oxygen
vacancies, i.e., sub-stroichiometric WO3_, films. Indeed,
the films deposited at 10 and 20 Pa exhibit also different
chromatic properties. They are dark blue at 10 Pa and
completely transparent at 20 Pa. It was reported that dark
blue colour is attributed to oxygen deficient metallic films
with y ~ 0.3-0.5, while in case of y <0.3 the films are
transparent and resistive [47]. This suggests a partial
decomposition of the WOj; compound target material
irradiated by the subsequent laser pulses. The evaporated
species are re-oxidised during their transit towards the
substrate’s surface, low, 10 Pa, oxygen pressure leading
only to partial re-oxidation. Similar results were found also
in case of films deposited by r.f. sputtering in low oxygen
pressure [48]. Furthermore, oxygen vacancies were repor-
ted to red shift the absorption edge, accompanied by
increase of absorption at wavelengths >600 nm, corrobo-
rating well with these results (Fig. 411 a, b) [49].

The optical absorption of the Ag-WO;5 samples increa-
ses in the visible spectral region with the increase of the Ag
concentration. This behaviour can be attributed to the
surface plasmon resonance (SPR) absorption, characteristic
to the metallic Ag nanoparticles [50]. The shift of the
absorption maximum towards higher wavelengths with the
increase of the dopant concentration and peak broadening
could be due to the increase in the in-plane diameter

35
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(IT) versus hv curves
corresponding to WOj thin films
deposited at a 20 and b 10 Pa
oxygen pressure as well as
Ag-WO;3 nanocomposite thin
films obtained through the
irradiation of ¢ 1.5 and d 3 wt%
Ag concentration WOj3 targets
at 10 Pa oxygen pressure
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[51, 52] and/or aggregation of nanoparticles [53]. Red shift
of SPR peak from 425 to 737 nm was reported for laser
deposited Ag nanoparticles as the particles diameter
increases from 7.1 to 72.3 nm [54]. On the other hand, SPR
peak positions below 410 nm were observed for very
small, less that 5 nm Ag nanoparticles, the particles mean
size being estimated both from direct measurements and
calculated [55].

The optical absorption coefficient, «, was calculated
from the expression o = Aln(10)/d, where A stands for the
absorbance and d for the thickness of the films [56]. From
surface profilometry data the thickness of the films was
evaluated to be around 150 nm. The authors estimated the
optical band gap, Eg, using the Tauc plot, from the
extrapolation of the linear part of the (o hv)"™ versus hv
curves, where hv is the incident photon energy [57]. As
known, above the fundamental absorption threshold the
absorption coefficient follows the relation chy ~ (hv-Ey)™,
where m = 2 for the indirect and 2 for directly allowed
transitions. To determine the possible transitions (ochv)”m
versus hv were plotted both for m = 2 and "2 (Fig. 5),
being the (ohv)® versus hv plot which covers the widest
range of data points corresponding to the directly allowed
transition.

From the (ahv)? versus hv plots the direct band gap
values can be estimated. The band gap value of the refer-
ence film deposited at 20 Pa oxygen pressure was esti-
mated at around 3.6 eV, slightly exceeding the value of
bulk material of 3.5 eV. The band gap broadening could be
attributed to the well known quantum confinement effect in
the nanocrystalline thin films [58]. Band gap narrowing can
be observed for WOj films with the decrease of the oxygen
pressure, assigned to the formation of oxygen deficient sub-
stoichiometric WO5_,. Indeed, band structure calculations
of tungsten oxide thin films reveal that oxygen deficiency is
correlated with the formation of deep localised states in the
band gap [59]. Further systematic band gap narrowing was
observed with the increase of the dopant concentration.
Until a certain extent similar band gap narrowing was
observed for ZnO/Ag/ZnO multilayers with Ag layer
thickness in the range 8—14 nm [60]. The optical band gap

200 225 250 275 3,00 325 350 375 4,00 2,50 275 3,00 3,25 3,50 3,75 4,00
hv [eV]

hv [eV]

of multilayer films was found to decrease with increasing
the thickness of the Ag layer. The change of the band gap
was attributed to charge transfer from Ag to ZnO layer
causing downward shifting of the conduction band and
upward shifting of the valence band.

At photon energy values below the absorption edge it is
noteworthy to evaluate the Urbach energy (Urbach tail) in
case of semiconductor films. It is known that structural
disorders generate band tails of localised states [61-64].
Urbach energy, E,, estimated from the expression
athv) = agexp(hv/Eg) [65], is the inverse of the slope of the
linear fit to the logarithmic plot of the absorption coeffi-
cient (Table 1). The value calculated for the WOj; thin film
deposited at 20 Pa oxygen pressure is similar to that
reported in literature for undoped WOs5 thin films grown by
pulsed laser deposition [61]. The dependence of the Urbach
energy on oxygen pressure and Ag concentration supports
that formation of oxygen vacancies as well as Ag incor-
poration introduce lattice disorder in the oxide matrix.

In order to investigate the local conductivity on the WO;3
and Ag-WO; thin films the authors recorded the current—
voltage (I-V) characteristic curves in different surface
areas through CSAFM technique, using biased Pt—Ir coated
silicon tips in contact mode. The I~V curves of the WO;
thin films (Fig. 6a) show a non-ohmic behaviour. This
feature could be attributed to the semiconducting properties
of the WOj3 films. The turn-on voltage value ranges
between 0.1 and 0.3 V and the resistance at 0 V is around
0.4-2.5 GQ, depending on the surface location. Typical
curves, corresponding to the thin films obtained from the
Ag-WO3; composite targets confirms the presence of
metallic Ag clusters on the films surface (dashed lines in
Fig. 6b) showing a nearly ohmic behaviour. No remarkable
differences can be discerned between the I-V curves of the
samples obtained from 1.5 and 3 wt% Ag-WO; targets.
The calculated resistance values at 0 V are smaller, around
0.03-0.1 GQ, as compared to WOj; surface locations,
which show similar values to those measured for the WO;3
films (see Fig. 6a and scattered plots in Fig. 6b). The slight
deviation from the linearity could be due to the contribu-
tion of the semiconducting WOj5 or the size dispersion of
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Fig. 6 Typical I-V characteristics of a WO; thin film and b Ag-WO;
nanocomposite thin film obtained through the irradiation of 3 wt% Ag
concentration WOj; targets, both deposited at 10 Pa oxygen pressure

the Ag particles. Studies of local electric properties per-
formed for Au clusters deposited on MgO and TiO, sur-
faces [66, 67], point to distinct I-V curves depending on the
cluster size. The gradual transition from insulator up to the
bulk metallic electronic structure proceeds along with
the increase of the metal cluster sizes, and the metallic
behaviour becomes obvious for clusters with diameters
larger than about 5 nm. The authors recall that in sensor
applications the presence of metallic clusters is required to
ensure better selectivity and sensitivity, as well as dimin-
ishment of the response time and working temperature as
compared to the base, uncovered transition metal oxide
[66—69].

Conclusions
WOj; as well as Ag-WO5; nanocomposite thin films were

grown on SiO, (001) quartz substrates by pulsed laser
deposition using a frequency quadrupled Nd:YAG laser

@ Springer

source. The effect of the ambient oxygen pressure and Ag
concentration on the surface morphology, crystalline sta-
tus, and optical properties of the films was investigated.
The gradual band gap narrowing and change of the average
optical absorption in the visible spectral region were
attributed to the films chemical composition, i.e., oxygen
stoichiometry and Ag incorporation, both controlled by the
deposition parameters. The I-V characteristics indicate
the growth of WO; thin films with non-ohmic behaviour.
The local, nano-scale electric measurements confirm the
presence of metallic Ag clusters on the films surface.
The accordable optical and electrical features allow for the
design of new composite materials for applications as
transparent conducting electrodes, active layers in chemi-
cal or biological sensors, photocatalytic as well as elec-
trochromic devices.
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