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In this work presents a study of the effect of the annealing temperature on structural and optical propertigstiohMi@s been grown by
hot-filament metal oxide deposition (HFMOD). The chemical stoichiometry was determined by X-ray Photoelectron Spectroscopy (XPS).
By X-ray diffraction obtained that the as-deposited Wims present mainly monoclinic crystalline phase. Weptical band gap energy

can be varied from 2.92 to 3.15 eV obtained by transmittance measurements by annealifigkv@00 to 500C. The Raman spectrum

of the as-deposited W{film shows four intense peaks that are typical Raman peaks of crystalling Wighase) that corresponds to

the stretching vibrations of the bridging oxygen that are assigned to W-O streteiagd W-O bendingd) modes, respectively, which
enhanced and increased their intensity with the annealing temperature.

Keywords: Electrochromic semiconductor; WOphysical properties.

Este trabajo presenta un estudio del efecto de la temperatura de recocido sobre las propgtidagesestructurales de W@ue ha sido

crecido por deposion dedxido de meilico por filamento-caliente (HFMOD). La estequiometriéngiga fue determinada por espectroscopia

de fotoelectrones de rayos X (XPS). Por difréccie rayos X se obtuvo que las jpelas depositadas de W@resentan principalmente fase
cristalina monogdhica. La enerta de la banda prohibidaptica del WQ puede ser variada desde 2.92 a 3.15 eV obtenidas por mediciones
de transmitancia recociendo W@esde de 100 a 50C. El espectro Raman de la prlla depositada de W{dnuestra cuatro picos intensos

que son los picospicos Raman de W¢cristalina (fase m) que corresponden a los modos de las vibraciones de estiramientos del puente
de o¥geno que eéin asignados a estiramiento W-0) § (6) plegados de W-O, respectivamente, los cuales se magnifican e incrementa su
intensidad con la temperatura de recocido.

Descriptores: Semiconductores electrocromicos; \W@ropiedades fisicas.

PACS: 74.25.-q; 74.25.Gz; 74.25.nd; 78.70.Ck.

1. Introduction The purpose of this work is to characterize the Way-

ers deposited by hot filament metal oxide deposition (HF-
Transition metal oxides represent a large family of materi-MOD) technique, which were annealed in a wide temperature
als possessing various interesting properties, such as supeange. This growth technique has some advantage compared
conductivity, colossal magneto-resistance and piezoelectriawith the conventional growth technique, it is easily imple-
ity. Among them, tungsten oxide is of great interest andmented and it is not expensive. The investigations so far car-
has been investigated extensively for its distinctive properried out in the laboratory show that the films can be deposited
ties. With outstanding electrochromic [1], photochromic [2], with a good stoichiometric control, with relatively high de-
gaschromic [3], gas sensor [4], photo-catalyst [5] and photoposition rates and present good adhesion to both metallic and
luminescence properties [6], tungsten oxide has been usetielectric substrates. The W@hin films were characterized
to construct “smart-window”, anti-glare rear view mirrors by X-ray Photoelectron Spectroscopy (XPS), X-ray scatter-
for automobiles, non-emissive displays, optical recording deing, transmittance measurements and Raman spectroscopy.
vices, solid-state gas sensors, humidity and temperature sen-
sors, biosensors, photonic crystals and so forth. ;\Vilin
films can be prepared by various deposition techniques suc®. Experimental details
as thermal evaporation [3,7], spray pyrolysis [8], sputter-
ing [9], pulsed laser ablation [4], sol-gel coating [10] and The WG; thin films were deposited by hot-filament metal ox-
chemical vapour deposition [11]. ide deposition (HFMOD) technique at atmospheric pressure
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Copper was limited to 60 s to minimize the sample heating effects.
Thermocouple substrate Absolute spectral feature position calibration to better than
\ f’" '\/ holder 0.5 cnt! was performed using the observed position of Si

\/ which is shifted by 521.2 cm* from the excitation line.
—Substrate
Glass jar — TJ 3. Results and discussion
Tungsten
j filament Figure 2 shows the evolution of the W(4f) doublet peak of
Electrical WOj3 deposited by HFMOD before and after 3@ treat-
contacts ment, here XPS is used to find the chemical stoichiometry

__ Broken and to confirm that the film is composed by \WO'hey have
|ightbu|b the same characteristics as bulk W®igure 2(a) shows the
W(4f) core level spectrum recorded on the as-deposited WO
sample, and the results of its fitting analysis. In order to re-
. produce the experimental data, a doublet function was used
il for the W(4f) component. This contains W{4f) at 35.6 eV
and W(4f,) at 37.8 eV with a full-width at half-maximum
FIGURE 1. Experimental setting for the synthesis and deposition of (FWHM) of 1.75+ 0.04 eV. The area ratio of these two peaks
WO starting from a standard light bulb. Copper substrate holderis ~ 0.75, which is supported by the spin-orbit splitting the-
of 50x 30x 7 mnt; thermocouple; filament-to-substrate separation: ory of 4f levels. Moreover, the structure was shifted by 5.0 eV
d =30 mm. towards higher energy relative to the metal state. It is thus
clear that the main peaks in the typical XPS spectrum are at-
and deposited on corning glass at room temperature. Theibuted to the W+ state on the surface [13,14], indicating
details of the HFMOD growth system were published elsethat the deposited film is composed of stoichiometric VO
where [12]. Briefly, in Fig. 1 depicts the experimental depo-In stoichiometric WQ, the six valence electrons of the tung-
sition setup for the synthesis of transition metal oxides. Theten atom are transferred into the oxygen p-like bands, which
tungsten filament is obtained broking the outline of glass bultare thus completely filled. In this case, the tungsten 5d va-
to uncover it. Then it is connected to an AC power supply tolence electrons have no part of their wave function near the
induce its resistivity heating. Oxygen is introduced to thetungsten atom and the remaining electrons in the tungsten
growth chamber via an electronic mass flowmeter. Pressurgtom experience a stronger Coulomb interaction with the nu-
measurements are made using a capacitance manometer. d€us than in the case of a tungsten atom in a metal, in which
chamber base pressure is the atmospheric pressure. the screening of the nucleus has a component due to the 5d
For determining the W@ chemical stoichiometry was valence electrons. Therefore, the binding energy of the W(4f)
used X-ray Photoelectron Spectroscopy (XPS). For théevelis largerin WQ than in metallic tungsten. If an oxygen
XPS analyses, a hemispherical spectrometer using the umacancy exists, the electronic density near its adjacent tung-
monochromatized K X-ray line of aluminium was em- sten atom increases, the screening of its nucleus is higher
ployed. To investigate the possible tungsten valence stateand, thus, the 4f level energy is expected to be at a lower
the 4f-doublet peak or the 3d-doublet peak, respectively, werbinding energy [13]. After annealing at 40D in nitrogen
fitted with Gaussian peaks corresponding to known bondingitmosphere all peaks in the spectrum had a slight shift in the
states of tungsten and oxygen atoms. The crystalline phaghrection of low energy. By increasing the annealing temper-
and structure was determined with a Bruker D8 Discoverature, it was observed that the position of the W(4f) peak did
diffractometer using the copper K radiation (1.548pat  not change appreciably up to temperatures lower thaf@00
40 kV and 40 mA with parallel beam geometry. The transmit-which indicates that the films only improve their crystalline
tance spectroscopy analysis was performed using a Bruckeuality. But for WG thin film annealed at 50@, see Fig. 2,
Infrared Spectrometer Vertex 70. Raman scattering experithe W(4f) peak moved to a lower binding energy so that the
ments were performed at room temperature using the 8328 W(4f;,,) position was observed at 35.0 eV. This can be re-
line of a He-Ne laser at normal incidence for excitation. Thelated to oxygen vacancies at this high annealing temperature
laser light was focused to a diameter of @) at the sample and the formation of W*.
using a 50x (numerical aperture 0.9) microscope objective. As-deposited W@ film presents mainly the monoclinic
The nominal laser power used in these measurements wasystalline phase and a small fraction of orthorhombic crys-
20 mW. Scattered light was analyzed using a micro-Ramatelline phase that were obtained by X-ray diffraction and
system (Lambram model of Dilor), a holographic notch filter whose lattice parameters were calculated using the software
made by Kaiser Optical System, Inc. (model superNotchDICVOLO04, obtaining the following monoclinic lattice pa-
Plus), a 256:1024-pixel CCD used as detector cooled torameters values: a= 3.846% b= 7.5449A, c= 7.3066A,
140 K using liquid nitrogen, and two interchangeable grat-3 = 90.924° and its unit lattice volume is about
ings (600 and 1800 g/mm). Typical spectrum acquisition time212.02A3,
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FIGURE 2. W(4f) core level spectra of WgXilms: (a) as-deposited
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FIGURE 3. XRD diffractograms of WQ films deposited by heating
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further the X-ray patterns of the annealing W@ims are
shown in Fig. 3. The XRD patterns obtained of the as-
deposited sample and the annealed samples are quite simi-
lar, which indicates clearly that the W@oes not change of
crystalline phase with the annealing in the investigated tem-
perature range. As can see in Fig. 3, the intensity increases
as the annealing temperature increases 4p@dC, in which

the material has a better quality crystalline, and it undergoes a
decrease of the intensity indicating a lower crystalline quality,
as was found by XPS measurements due to the loss of oxy-
gen by annealing one. As can observe in Fig. 3, each XRD
diffractogram contains a factor that is its intensities ratio re-
lated to the XRD pattern of the sample annealed at’ @00
(Ita/l400°c), Which is more intense, for having a better refer-
ence of the one discussed above.

The transmittance spectra in the visible and infrared range
are recorded for the Wxhin films before and after anneal-
ing at different temperatures in the energy range from 1.5 to
3.1 eV. Figure 4 shows the transmission spectra o:\lds
prepared at room temperature, further heat treated in the tem-
perature range from 100 to 5800. The as-deposited tung-
sten oxide films were transparent, with no observable blue
colouration under our experimental conditions. The trans-
mittance of the W@ film annealed at 50 is increased by
about 10%, as can see in Fig. 4. The increase in transparency

300°C

200°C

Transmittance (arb. units)

100°C

As-deposited WO,

20 25
Energy (eV)

1.5 3.0

resistive annealed at different temperatures. In each XRD diffrac-
togram is indicated the intensities ratio related to the XRD pattern FIGURE 4. Optical transmittance of the Whin films deposited
of the sample annealed at 40D, lta/l s000c-

by HFMOD and annealed at different temperatures.
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of the films with increased annealing temperature in ni-2.7 eV is the creation of oxygen vacancy at these tempera-
trogen environment maybe due to the formation of moretures, as can see in Fig. 5. It is worth noting that has re-
oxygen-ion vacancies in the films, the film changes to a nonported in the literature how for evaporated W@ ms has
stoichiometric composition, as could be seen from the changldund2.7 < Eg < 3.5 eV [1].
in colour of the film due to the excellent electrochromic na-  Figure 6 shows the Raman spectra of the samples stud-
ture. This causes the slight increase in energy band gap. i&d in the work. The Raman spectrum of as-deposited; WO
is observed from the transmittance spectra that the absorfitm shows mainly seven vibrational bands in range of 50-
tion edge is also slightly shifted towards the higher energyl000 cnt! centered at 801, 710, 322, 262, 126, 81 and
region for the films annealed at higher temperatures, owin@g5s cnt!, see Figs. 6 and 7. As has been reported in the
to preferred colouration effect on the films. It confirms thatliterature the W@ Raman bands sited in the range 750-
the improvement in crystalline quality of the films increases950 cnt ! are attributed to either the antisymmetric stretch of
with increasing annealing temperature, see Fig. 5. M-O-M bonds {.e., v,s[M-O-M]) or the symmetric stretch

The intrinsic absorption edge of the films can be eval-of (-O-M-O-) bonds (€., vs[-O-M-O-]) [15]). Most peaks
uated and discussed in terms of the indirect interband trarbelow 200 cnt! are attributed to lattice vibrational modes,
sition. The optical band gap (g was evaluated from whereas the mid and high frequency regions correspond to
the absorption coefficientv using the standard relation: deformation and stretching modes, respectively. Thus, the
(ahv)'/?2 = A(hv — Eg). Itis expected to show a linear be- intense peaks centered at 801 and 710 tiare typical Ra-
haviour in the higher energy region, which should corresponadnan peaks of crystalline W{m-phase), which correspond
to a strong absorption near the absorption edge. Extrapolate the stretching vibrations of the bridging oxygen [16,17]
ing the linear portion of this straight line to zero absorptionand these are assigned to W-O stretchimg YV-O bending
edge gives the optical energy band gap of the films. The al®) and O-W-O deformatiom() modes, respectively [18,19].
sorption coefficient for a film of thickness d and reflectance In Fig. 7 illustrates the Raman spectrum in the range from 50
R was determined near the absorption edge using the simpte 120 cnt! for the as-deposited sample. It presents the typ-
relation:oc = In((1—R)?/T+[((1—R?)/2T)?+ R?)*/?)/d,  ical characteristic peaks of the monoclinic crystalline phase
where multiple reflections are taken into, but interference neat low frequencies that were obtained by deconvolution us-
glected. Actually a transmission interference pattern couldng Lorentzian curves for finding the peaks frequency, which
be observed in most samples, and was used to get an a@re associated to lattice vibrational modes [20,21]. Similar
curate value for the thickness d. The optical band gap fowibration modes were obtained by Raman theories and are in
the as-deposited W{s calculated about 2.92 eV, the poly- agreement with the results of de Wt al. [17]. The sharp
crystalline structure of the as-deposited Wduld cause B peaks at 262 and 322 cthare assigned to the bending vibra-
to be bigger than 2.7 eV that correspond pure N@di-  tion §(O-W-0) [18,20]. The Raman peak sited at 262 ¢rnis
rect band gap in bulk [1]. In order to the sample annealed/ery intense, which means that a great fraction of crystalline
at 100°C, the optical band gap decreased slightly by abouphase is present in the as-deposited films. The peaks at 801,
20 meV, which can be related to condensation of the films710 and 262 cm! are very intense and typical modes of the
However, the optical band gap of the W@nnealed at range crystalline WQ film. All these peaks are in good agreement
from 200 to 500C is increased up to 3.15 eV due to recrys-with what has been published on W®btained by conven-
tallization of the films. The reasondebecomes bigger than  tional techniques.

For corroborating the above discussed results, theg WO
samples were annealed at different temperatures in the range

315 ? from 0 to 500 C during 10 min in a nitrogen atmosphere. The
/ Raman spectra of the samples annealed at 400 afC5@
__ 310} / shown in Fig. 7. Before and after annealing the films show
> Es(T) / similar Raman curves [22]. Small variations of the intensity
Py ,’ between the Raman spectra are found in all the range. All
@ 3.050 . c
o g the background from the l_mderlylng gla_ss slide in the spec-
2 P tra decreases after annealing at 3D0that is, the IR/IN ratio
8 300} Q - of Raman intensity (IR) and noisy signal intensity (IN) in-
§ P creased after annealing. In particular, the Raman spectrum
e 7 at low frequencies of the annealed sample at&Dpresents
o ) P a the same peaks that the spectrum of the as-deposited one anc
Q\ s only the 65 cnt! band is small and as the annealing tem-
200p, "~ - Q@ perature increases it becomes dominant displacing to higher

0 100 Ry 300 °4°° 300 frequencies. This fact corroborates that there is not change of

Annealing temperature (°C) . .
crystalline phase. The Raman spectroscopy can give a clearer

FIGURE 5. Optical band gap energy of the Wahin fims as-  evidence of the crystalline evolution in function of the an-

deposited and annealed at different temperatures. nealing temperature and allows following the different steps
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FIGURE 6. Raman spectra of W&xhin films annealed at different

FIGURE 7. Raman spectra of two Wixhin films at low frequen-
cies: as-deposited and annealed at”&810
if there is change of crystalline phase by analysing the evolu-
tion of lowest frequency peaks (up to 100 thp of the Ra-
man spectra. These peaks correspond to lattice modes of . Conclusions
brational nature and are noticeably affected by the transition
between the low symmetry phases of W®ost vibrational  In this work investigated the role of annealing temperature,
peaks below of 200 cm' in the WO; Raman spectrum are as an external parameter, to control the optical and struc-
attributed to lattice modes [23]. As is observed in Fig. 7,tural properties of W@ deposited by resistive heating. Us-
only the Raman peaks are enhanced with the annealing, asifey X-ray diffraction is obtained that W/{thin films only
indicated by factor {a/l500-c) 0N each Raman spectrum. present as dominant phase the monoclinic and improved their
All the above facts support the hypothesis of an operstructural quality with the annealing temperature up to°400
(or porous) structure of the films with many inner empty and at higher temperatures occur the opposite case. By XPS
spaces and inter-grain boundaries. This means that compaeasurements found that the as-deposited; W¢Gtoichio-
rably small amounts of water were absorbed in the films. Thenetric and that the annealing processes caused oxygen va-
results suggest that the formation of porous films is due t@ancies. The Raman spectroscopy indicates similar results,
gas-phase reactions in the plasma, leading to a homogeneosiace the peak sited at 801 cmshifted to 811 cm'! when
nucleation of oxide particles on the substrate. Clearly thét is annealed at 50, this small change indicates a higher
prepared films were not a typical crystalline W@mono-  tungsten concentration than oxygen, which is indicative of a
clinic phase or m-phase) structure. In addition probably arhigher vacancy concentration. The highly transparent nature
increase of compressive residual stress of the film due to arof the films has been observed from the optical transmittance
nealing causes Raman shift to higher wavenumbers. Thispectra. The increase in transmittance with increasing an-
phenomenon has also been observed in filths [24], ZrO, nealing temperatures reveals the formation of oxygen vacan-
films [25] and on the GaAs-SiQinterface. Considering the cies in the films. The slight widening in the evaluated opti-
residual stress and the Raman peak position before and afteal energy band gap values towards the increasing annealing
annealing, it can be concluded that the Raman peak positiclemperature may be due to the optical band filling effect that
shifts to higher wavenumbers with the increase of compresreveals the crystallization of the films. One believes that these
sive stress and it shifts to lower wavenumbers with the inpreliminary characteristic observations on the hot-filament
crease of tensile stress. To obtain a quantitative measurememtetal oxide deposition WEfilms will be helpful to explore
of the residual stress of the WdiIms, more detailed work is  the device performance of the films for electrochromic and
needed smart window applications.

temperatures.
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