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ABSTRACT: This work reports the synthesis at room temperature of
transparent and colored WxSiyOz thin films by magnetron sputtering
(MS) from a single cathode. The films were characterized by a large set
of techniques including X-ray photoelectron spectroscopy (XPS),
Rutherford backscattering spectrometry (RBS), Fourier transform
infrared (FT-IR), and Raman spectroscopies. Their optical properties
were determined by the analysis of the transmission and reflection
spectra. It was found that both the relative amount of tungsten in the
W−Si MS target and the ratio O2/Ar in the plasma gas were critical
parameters to control the blue coloration of the films. The long-term
stability of the color, attributed to the formation of a high concentration of W5+ and W4+ species, has been related with the
formation of W−O−Si bond linkages in an amorphous network. At normal geometry (i.e., substrate surface parallel to the target)
the films were rather compact, whereas they were very porous and had less tungsten content when deposited in a glancing angle
configuration. In this case, they presented outstanding electrochromic properties characterized by a fast response, a high
coloration, a complete reversibility after more than one thousand cycles and a relatively very low refractive index in the bleached
state.

KEYWORDS: electrochromic films, GLAD, WxSiyOz, reactive magnetron sputtering, colored thin films, tungsten oxide,
optical properties

■ INTRODUCTION
Even if tungsten oxide electrochromic thin films have been
studied and manufactured for more than 30 years,1−4 new
developments are still required to improve the behavior of
these materials when used for smart windows and other related
applications,5−8 both in the laboratory and at industrial scale.9

For example, improvements are still required to properly
nanostructuring the films to enhance their coloration capacity,
to decrease the response time,10−13 to apply the electrochromic
devices on flexible plastic substrates14−16 or to effectively
control their optical properties.17−19 To cope with all these
requirements, new manufacturing processes and novel nano-
structures have been proposed to both simplify the film
processing protocols and to design more reliable final devices.
A commonly admitted requisite in this regard is that the
electrochromic films, prepared by sol−gel, electrochemical
methods, thermal evaporation, magnetron sputtering or other
related procedures,12,13,20−23 possess a significant portion of
empty and accessible space to favor the exchange of charge and
the incorporation of foreign cations.
An electrochromic film device based on tungsten oxide

consists of a reducible WO3 layer, another thin film electrode,
and an electrolyte where there is a cation M+ that becomes

incorporated in the film during the reduction cycle. Typically,
this cation is H+ or Li+, although other alkaline cations can be
also used.24,25 For an optimal performance of the device, a fast
incorporation of M+ within the film and its reversible release to
the electrolyte during the reduction and oxidation cycles are
required, respectively (i.e., WOx + e− + M+ → WOx(M) for the
reduction cycle). Optimizing the electrochromic behavior
implies to increase the incorporation capacity and to maximize
the diffusion rate of the M+ cation within the film structure.
Compared to sol−gel and other chemical- or solvent-based

synthetic routes, MS is a one-step process yielding directly the
final formulation of the oxide that has the additional advantage
of avoiding the production of undesirable byproducts. The easy
scalability of this method and the possibility to work at low
temperature open de way for the fabrication of electrochromic
films onto polymers. However, a possible drawback of MS thin
films is that, because of their generally high compactness, the
diffusion rate of M+ cations are slow and the switching times
too long.26−28 An alternative to the conventional MS
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processing of WOx thin films is the use a glancing angle
deposition (GLAD) configuration.29,30 GLAD thin films,
prepared by either thermal evaporation or MS are characterized
by a columnar microstructure with a high porosity and a pore
structure consisting of mesopores extending from the surface of
the film up to the interface with the substrate.31,32 Already in
1995 Granqvist et al.33 reported about the preparation of WO3
electrochromic thin films by MS using GLAD. However, even if
the open and highly porous character of these films are very
promising for their implementation as fast switchable electro-
chromic layers, to the best of our knowledge, neither a
thorough characterization of their electrochromic behavior nor
other fabrication essays of WOx GLAD electrochromic films
have been reported in literature.
In the first part of the present work, we present the

preparation by MS of WxSiyOz colored thin films for optical
applications (e.g., for their implementation as coatings onto
colored ophthalmic lenses34) where a high transparency in the
nonabsorbing spectral regions and well-defined and control-
lable refraction indices35 are compulsory requirements. In the
second part of the work, we present the fabrication of
electrochromic WxSiyOz thin films with a good performance
in terms of switching behavior and coloration efficiencies, as
well as antireflective properties when they are in the bleached
state. For this purpose, we have used a GLAD configuration
that yields very porous thin films well-suited to comply with the
requisites of electrochromism. Although, mixed oxides thin
films of tungsten with other cations have been synthesized with
the aim of controlling their optical and gas sensing proper-
ties,17,36,37 only a few works have dealt with their use for
electrochromic applications.37,38 In this regard, it is worth
recalling some recent results with WxTayOz thin films

38 where a
fast switching behavior has been related with a distortion of the
local arrangement around the W sites because of the presence
of nearby Ta atoms. The preparation of WxSiyOz thin films by
sol−gel procedures has been also reported in literature.39

The present work also reports the characterization by several
techniques, and the analysis of the optical properties of a series
of WxSiyOz films synthesized by reactive MS under normal and
GLAD configurations. It is shown that the color intensity and
other optical properties of the films prepared at normal
geometry can be tuned by controlling the plasma gas
composition and the W/(W+Si) ratio in the films. We have
shown that these films depicted a good electrochromic behavior
when working in an acid solution (i.e., by using H+ as
exchanged cation), a feature that has been related to their
porous nanocolumnar microstructure. Full transparency and
antireflective properties (i.e., low refractive index) in the
bleached state are two other remarkable properties of this new
type of electrochromic materials.

■ EXPERIMENTAL SECTION
Thin Film Preparation. WxSiyOz thin films have been prepared by

reactive pulsed DC MS using a silicon target of 50 mm diameter on
which a series of tungsten strips (Goodfellow 99.95%) have been
arranged axially as reported in Figure S1 of the Supporting
Information. The width of the strips was 1.5 mm. Samples were
prepared with 1, 3, and 6 strips along the target diameter. As evidenced
by the erosion track formed in the target (a circumference with ∼20
mm radius, i.e., 125 mm length), the percentage of sputtered area at
the target covered by the tungsten strips was 3.2, 9.5, or 19.1% for the
three experimental conditions mentioned above.
The magnetron was operated with a power of 100 W and a pulsed

voltage of 400−550 V at a frequency of 80 kHz. The base pressure of

the system was 3.0 × 10−6 mbar. The pressure during deposition was
fixed at 5.0 × 10−3 mbar. The process gas consisted of O2/Ar mixtures
with mass flow ratios ΦO2/ΦAr of 0.1, 1.0, and 2.5. The distance
between substrate and target was 10 cm. The films were deposited on
either silicon, soda lime glass, quartz, or ITO substrates. The samples
will be named in the text with the following notation: Wn-ΦO2/ΦAr,
where n is the number of tungsten strips wrapped on the target and
ΦO2/ΦAr refers the mass flow ratio between these two gases in the
plasma. Thus, for example, W6−0.1 corresponds to a sample prepared
with six tungsten strips wrapped to the Si target and ΦO2/ΦAr = 0.1.
The thin films prepared at GLAD are designated according to the
notation Wn-ΦO2/ΦAr GLAD.

Thin film growth was carried out at normal geometry, whereby the
substrates are parallel to the target or at glancing angle geometry with
an angle of 80° between the target and substrate normals.

Thin Film Characterization. Rutherford back scattering spec-
trometry (RBS) spectra were obtained in a tandem accelerator (CNA,
Sevilla, Spain) with a beam of alpha particles with an energy of 1.557
MeV, 1.7 nA of intensity, and ∼1 mm diameter. The accumulated
doses was 1.5 μC in all cases.

FT-IR spectra were recorded in transmission mode in a Nicolet 510
spectrometer for samples deposited on polished undoped silicon
wafers.

Raman spectra were collected in a LabRAM HR High Resolution
800 Confocal Raman Microscope. For the measurements a green laser
(He−Ne 532.14 mn), working at 600 line/mm, 100× objective,
20mW, and 0.1 mm pinhole, was used.

X-ray photoelectron spectroscopy (XPS) was used to assess the
chemical characteristics of the species at the surface of the samples.
XPS spectra were recorded in a ESCALAB 210 spectrometer working
in the constant pass energy mode at a value of 20 eV. The binding
energy (BE) scale of the spectra was referenced to the C 1s peak of the
spurious carbon contaminating the surface of the samples at a value of
284.5 eV. Fitting analysis of the W 4f photoelectron peaks after Shirley
background subtraction was carried out with a series of doublet peaks
with different binding energies to account for the oxidation and/or
coordination states of the Wn+ cations present in the samples.

UV−vis transmission and reflection spectra were recorded in a
Varian Cary 300 apparatus. From these curves, refractive index and
extinction coefficient functions of the deposited films were derived by
simulating the spectra with a Cauchy formalism40 to describe the
wavelength dispersion of the refractive index and extinction coefficient
of the films.

Thin film microstructure of the films deposited on Si (100) wafers
(cross-sectional and planar views) was analyzed with scanning electron
microscopy (SEM) using a Hitachi S4800 field emission microscope.

Electrochromic Tests. Electrochemical measurements were
performed at room temperature in a three-electrode cell equipped
with quartz windows. The WxSiyOz thin films deposited on ITO
substrates were used as working electrodes. All potentials were
measured against and are referred to an Ag/AgCl/KCl (saturated)
reference electrode, whereas a Pt foil was used as a counter electrode.
Electrochemical measurements were performed with a computer-
controlled Autolab PGSTAT30 potentiostat, whereas UV/vis
absorbance spectra were recorded on an Ocean Optics high-resolution
spectrophotometer. In all experiments, the electrolyte was a N2 purged
0.1 M HClO4 (Merck p.a.) solution in ultrapure water (Millipore
Direct-Q system, >18 MΩ cm). This electrolyte provided the best
reproducibility and reversibility of the electrochromic cycles.

■ RESULTS
1. Composition, Structure, and Chemistry of the

WxSiyOz thin films. The RBS spectra of samples W1−0.1,
W3−0.1, and W6−0.1 reported in Figure 1 show that the
amount of tungsten in the films increases with the number of
strips wrapped to the Si target. The experimental and simulated
curves, these later calculated by the SIMNRA software,41

indicate that the distribution of Si and W is homogeneous
through the whole sample thickness. The W/(W+Si) atomic
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ratios in Table 1 calculated from the RBS spectra of all samples
show a large variation between a value of 0.15 for sample W1−

0.1 to 0.77 for sample W6−1.0 (the estimated maximum
uncertainty for these calculations is of 5%). These values are
similar to those obtained by quantification of XPS spectra, thus
confirming that tungsten and silicon atoms distribute
homogeneously through the whole thickness of the samples
without significant surface segregation effects. Moreover, these
data clearly confirm that it is possible to get a precise control of
the composition of the WxSiyOz films by using mixed W−Si
targets. Although we have tuned this ratio by means of the strip
methodology described in the Experimental Section, a similar
control is expected with targets made from alloyed mixtures of
the two elements.
Even if the small oxygen features have been used for the

theoretical simulation of the experimental RBS spectra, no
quantitative RBS data on this element are reported in Table 1

because of the large uncertainties derived from the low cross-
section of this element. However, the oxygen content estimated
by XPS gives a reasonable account of the amount of this
element in the films. Thus, by assuming an xSiO2 + yWO3
composition (x and y are the atomic unit fractions of Si and W
reported in Table 1), calculated unit fractions of oxygen of 0.66,
0.65, 0.78, 0.70, and 0.72 are obtained for samples W1−0.1,
W3−0.1, W6−0.1, W6−1.0, and W6−2.5, respectively. It must
be noted that although the W/(W+Si) fraction of samples
W6−1.0 and W6−2.5 was equivalent the latter was fully
stoichiometric as deduced from its optical properties and FT-IR
analysis described below. These calculated oxygen unit fractions
are in relatively good agreement with the experimental values in
Table 1, which comparatively show a certain over- (samples
W1−0.1, W3−0.1, and W6−1.0) and under-stoichiometry
(sample W6−0.1). These differences would be consistent with
the surface character of the XPS technique which usually yields
an excess of oxygen due to surface adsorption of oxygenated
species and with the detection in sample W6−0.1 of W5+ and
W4+ species (see below) whose formation implies a lesser
concentration of oxygen in the sample.
Density of the thin films can be also deduced from the mass

thickness estimated by RBS and the actual thickness of the films
determined from the SEM cross-section images or by optical
methods. The calculated density values are reported in Table 1
and plotted in Figure 9. Data for pure SiO2 and WO3 prepared
under our experimental conditions are also included in the plot.
The density for samples W1−0.1 to W6−0.1 increases with the
content of tungsten, reaching values similar to the theoretical
densities which, ranging between 2.9 and 5.9 g/cm3, are
expected for compact thin films of equivalent compositions.
Although the WxSiyOz thin films were amorphous when

examined by X-ray diffraction, some structural information
about the films can be obtained by FT-IR and Raman
spectroscopies. Figure 2a shows a series of FT-IR spectra
corresponding to thin films prepared at normal geometry under
different experimental conditions. In comparison with the
spectrum of the pure SiO2 thin film, the spectra of the WxSiyOz
samples prepared from targets with 1, 3, and 6 tungsten strips
present a progressive decrease in the intensity of the peak at
1070 cm−1 attributed to the Si−O−Si vibration in the SiO2
network.42 This decrease is not accompanied by an equivalent
diminishment of the band at around 950 cm−1, which according
to the literature must encompass a contribution from Si−O
vibrations42 and a band due to WO vibrations.21,24,42,43 This
behavior has to be linked with the increase in tungsten content
from sample W1−0.1 to sample W6−1.0 (cf. Table 1).
Moreover, the two small features at around 700 and 800
cm−1, which characterize the spectra of these samples, have
been attributed in tungsten oxide thin films prepared by various
methods21,24,42−44 to W−O vibrations, where the oxygen−
tungsten network presents some distortion.44 Similar bands
have been reported for embedded Keggin structures after their
partial reaction with a SiO2 host matrix.

37

The Raman spectra of these samples reported in Figure 2b
clearly confirm the existence of a structural evolution from
samples W1−0.1, W3−0.1, and W6−2.5 to samples W6−0.1
and W6−1.0. In the former set of samples, the peak appearing
at 950 cm−1, attributed to the vibration of terminal WO
bonds,1,15,28,45 and that at approximately 1090 cm−1, due to Si−
O−Si vibrations, have a considerable intensity in agreement
with the detection in these samples of FT-IR peaks at similar
wavelength numbers. The band at 1090 cm−1 disappears from

Figure 1. Experimental (square dots) and simulated (continuous gray
curves) RBS spectra of WxSiyOz thin films prepared with 1, 3, and 6
strips of tungsten and a ΦO2/ΦAr ratio of 0.1 (i.e., W1−0.1, W3−0.1,
and W6−0.1 thin films).

Table 1. Atomic Percentage Composition and Density of
WxSiyOz Thin Films As Determined by RBS and XPS

sample
Si
(%)

O
(%)

W
(%) W/(W+Si)

density
(g/cm3)

W1−0.1 RBS 21 4 0.15 2.71
XPS 27 69 4 0.12

W3−0.1 RBS 17 7 0.28 3.38
XPS 22 71 7 0.25

W6−0.1 RBS 6 18 0.74 5.51
XPS 9 71 20 0.70

W6−1.0 RBS 5 17 0.77 5.29
XPS 5 75 20 0.79

W6−2.5 RBS 5 16 0.76 5.28
XPS 5 77 18 0.78

W3−0.1 GLAD RBS 25 4 0.14 1.95
XPS 26 70 4 0.13

W6−0.1 GLAD RBS 14 13 0.48 2.99
XPS 14 72 14 0.50

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am2014629 | ACS Appl. Mater. Interfaces 2012, 4, 628−638630



the spectra of samples W6−0.1 and W6−1.0, very likely
because in these samples the W−O octahedra constituting the
basic structural unit in tungsten trioxide are well interconnected
with other W−O octahedral units. The minimum silicon
content in these samples seems decisive in favoring an
enhanced connectivity of W−O octahedra. The most character-
istic feature of samples W6−0.1 and W6−1.0 is the very intense
and broad band centered around 780 cm−1 that can be
attributed to W−O stretching vibrational modes. A similar
broad feature has been reported for partially amorphous and/or
reduced tungsten oxide,1,28,45,46 whereas two well-resolved and
intense peaks around the same position have been reported for
well-crystallized WO3 thin films.15,47,48 In sample W6−0.1, the
relative intense peak at around 260 cm−1 and the shoulder at
330 cm−1 can be attributed to W−O−W bending vibrations15,47

and/or to W−O vibrations associated with W5+ species.
The observed tendencies by both FT-IR and Raman spectra

can be rationalized by assuming that in samples W1−0.1, W3−
0.1, and W6−2.5 there is a WxSiyOz mixed oxide structure
where some WO6 octahedra are not linked by all their corners
to other structural units and therefore develop WO terminal
bonds. In samples W6−0.1 and W6−1.0, a better interconnec-
tion between the WO6 and SiO4 structural units restricts the
formation of these terminal bonds. For sample W6−0.1 it has
been shown by XPS that there is a certain lack of oxygen in the
structure, a feature that agrees with the detection by this
technique of W6+, W5+, and W4+ species. Tentatively, we
assume that the observed reordering and full linkage of the
amorphous lattice network can be associated with a high
tungsten content and the under-stoichiometry of this sample.
We have advanced that besides varying the number of

tungsten strips in the target to get different W/(W+Si) ratios,
the control of the ΦO2/ΦAr ratio in the plasma gas is essential
to tune the oxidation state of tungsten in the films. Figure 3

shows the valence band (top) and W 4f (bottom) photo-
emission spectra of selected WxSiyOz thin films. It is apparent
that the centroid of the W 4f photoemission spectra shifts
toward lower binding energies with the development of new
peaks and/or shoulders when going from sample W1−0.1 to
W6−0.1. This shift occurs simultaneously to the development
of a new band with a maximum at around 2 eV that edges
approximately at the zero of the BE scale of the spectra. This
feature is attributed to electronic states localized close to the
Fermi level of the tungsten oxide. Its maximum intensity found
in sample W6−0.1 is a consequence of the maximum
concentration of W5+ and W4+ states detected in this case.
These two parallel results clearly indicate a progressive
reduction of the tungsten ions in the WxSiyOz thin films as
we increase the number of tungsten strips in the target.24,49−53

An additional factor that affects the oxidation state of tungsten
is the ΦO2/ΦAr ratio in the plasma gas mixture. This is clearly
evidenced by comparing the shape of spectra of sample W6−
1.0 with that of sample W6−0.1. In the former, the relatively
decrease in the intensity of the feature at the zero of the binding
energy scale in the valence band curves and in the lower energy
side of the W 4f spectra clearly indicate that sample W6−1.0 is
less reduced.53

Besides the changes in the W 4f spectra, there are also
important modifications in the shape of the O 1s peaks which
move from a BE of 532.6 eV for sample W1−0.1 to 531.0 eV
for sample W6−0.1 (see the fitted spectra in the Supporting
Information, Figure S2). This evolution indicates a transition
from a O−Si to a O−W preferential configuration.53 Additional
information about the chemical state of the samples is provided
by the analysis of the Si 2p and Si KLL Auger peaks.54 The
Auger parameter, defined as α = binding energy Si 2p + Kinetic
energy Si KLL (i.e., as the addition of the BE of the Si 2p
photoelectron peak and the kinetic energy of the Si KLL main

Figure 2. Normalized FT-IR (top) and Raman (bottom) spectra of
various WxSiyOz thin films. Curves a, b, and c correspond to thin films
prepared with 1, 3, and 6 strips of tungsten and a ΦO2/ΦAr ratio of 0.1
(i.e., W1−0.1, W3−0.1, and W6−0.1 thin films). Curves d and e
correspond to thin films prepared with 6 strips of tungsten and ΦO2/
ΦAr ratios of 1.0 and 2.5 (i.e., W6−1.0 and W6−2.5 thin films). The
plotted dashed lines and squares refer to specific bands and groups of
bands discussed in the text.

Figure 3. Area normalized VB (top) and W 4f (bottom) photo-
electron spectra of WxSiyOz thin films. Curves a, b, and c correspond
to thin films prepared with 1, 3, and 6 strips of tungsten and a ΦO2/
ΦAr ratio of 0.1 (i.e., W1−0.1, W3−0.1m and W6−0.1 thin films).
Curve d) correspond to a film prepared with 6 strips of tungsten and a
ΦO2/ΦAr ratio of 1.0 (i.e., W6−1.0 thin film). The spectra are vertically
displaced for the sake of clarity.
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Auger transition of the same element) can be related with the
polarizability of the matrix.53,54 When comparing samples W1−
0.1 and W6−0.1, changes were observed in both the Si2p BE
and the Si Auger KE. These changes render a maximum shift in
the Si Auger parameter (i.e., Δα for silicon in WxSiyOz and
SiO2) of 2.6 eV for the examined series of samples (an account
of this evolution is reported in the Supporting Information,
Table S1). This progressive change must be associated with a
modification of the local environment around the silicon atom
undergoing photoemission.
A deeper insight into the chemical state of tungsten in the

prepared samples can be gained by fitting analysis of the W 4f
spectra. For the series of studied samples, Figure 4 shows the W

4f fitted spectra after background subtraction with a Shirley-
type curve. The four spectra can be adjusted with a minimum
number of four doublet bands located at 37.0, 36.1, 34.4, and
32.3 eV binding energies for the W4f7/2 component. We
assume that these bands are due to tungsten ions with different
oxidation and coordination states, namely to Wi

n+ ions in Wi−
O−W or Wi−O−Si coordination environments. In previous
studies with MxSiyOz thin films formed by the mixture of two
oxides with different polarizabilities, we have found that
changes in the BE and Auger parameters (i.e., ΔBE and Δα)
of Si and M with respect to the pure oxides of these elements
present similar values but have opposite signs.55,56 This is due
to modifications in the Auger parameter of Si and M (in general
the Auger parameter of M can also be determined provided that
it has a sufficiently intense Auger peak, something which is not
the case for W) due to the different polarizabilities of the
network in the pure or in the mixed oxide structures. For the
same oxidation state, these polarizability effects produce an
increase in the BE of ∼1 eV in the Mn+ cation and a similar
decrease in the BE of Si. Therefore, we can assume that for a
given Wn+ oxidation state, its BE will increase by approximately
1 eV if this species is either in a Wi−O−W or a Wi−O−Si
configuration. Taking these considerations into account ant the

fact that the reduced states of tungsten are more intense in the
sample with less silicon (i.e., in samples W6−0.1 and W6−1.0),
we attribute the fitting bands in Figure 4 to the following
oxidation sates/coordination environments: Wi

6+−O−Si, Wi
6+−

O−W, Wi
5+−O− and Wi

4+−O−.
Calculation of the area of these components permits to

analyze the relative concentration of the different oxidation/
coordination states of tungsten in the studied samples. The
results of this quantitative evaluation are reported in Table 2,

showing that in sample W1−0.1, the component Wi
6+−O−Si is

maximum in agreement with the high concentration of silicon
in this sample. This component decreases in intensity for
samples W3−0.1 and W6−0.1, where the bands attributed to
Wi

5+−O− and Wi
4+−O− acquire a higher intensity. In sample

W6−1.0, the Wi
4+−O− component is neglected, indicating a

smaller reduction degree in comparison with that of sample
W6−0.1.

2. Optical Properties of WxSiyOz Thin Films. An
important characteristic of the films prepared with 6 strips of
tungsten and a low O2/Ar ratio was their permanent blue color
even after a prolonged (months) exposure of the samples to the
air. We attribute this prolonged coloration to the stabilization
of the lowest oxidation states of tungsten by the mixed Si−O−
W network of these films. From a practical point of view, this
result sustains their use as colored coatings for optical and
aesthetic applications. Figure 5 shows the UV−vis transmission
spectra acquired for the series of studied films with an
approximate thickness of 300 nm, together with an image of the
films deposited on ophthalmic polymeric substrates. The image
and the transmission curves clearly confirm that the W6−0.1
thin films are blue colored and preserve a good transmission in
other zones of the spectrum. The blue color is a consequence of
the detection of a high concentration of W5+ and W4+ states. In
samples W6−1, W1−0.1, and particularly, W3−0.1, XPS has
also revealed the presence of small concentrations of these
species. This contrasts with their transparency in the visible
(except for sample W6−1, which presented a mild bluish
color), a result that we attribute to either a selective reduction
of the surface by the X-rays during XPS analysis and/or to the
fact that tungsten oxide films with a small concentration of W5+

and W4+ species may still be transparent.57

The color characteristics of the W6−0.1 films can be
described by the (x,y) chromaticity coordinates plotted in the
CIE1931 chromaticity diagram presented in Figure 5 (right).
The corresponding coordinates (0.27, 0.29) have been
evaluated in transmission geometry of the films deposited on

Figure 4. Fitting analysis of the W 4f spectra depicted in Figure 3. [1],
[2], [3], [4] and the plotted vertical lines refer to different oxidation
and coordination states of tungsten (see Table 2). The insets show
images taken for these thin films with a thickness of approximately 300
nm.

Table 2. Binding Energies (BE) and Percentage of the
Different Oxidation States of Tungsten in the WxSiyOz Thin
Films

[1]W6+−
O−Si

[2]W6+−
O−W

[3]W5+−
O−

[4]W4+−
O−

BE (eV) 37.0 36.1 34.4 32.3
W1−0.1 66 25 9 -
W3−0.1 56 23 14 7
W6−0.1 10 39 25 26
W6−1.0 24 44 32 -
W3−0.1 GLAD 69 25 6 -
W6−0.1 GLAD
(bleached)

44 45 8 3

W6−0.1 GLAD
(colored)

16 44 23 17
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soda-lime glass, considering a D65 illuminant, an observer at a
second field of view and a thickness of 100 nm. The color
coordinates change with thickness according to the direction
indicated with an arrow in the diagram. This evolution is due to
the broad absorption band starting at about 450−500 nm
whose intensity increases at higher wavelengths.
Reflectance spectra for the same series of samples deposited

on polished Si(100) are reported in the Supporting Information
(Figure S3) together with the results of the fitting analysis
carried out to get the refractive index and extinction coefficient
as reported in the Experimental Section (see Table S2 in the
Supporting Information). The curves plotted in Figure 6 clearly
shows that the refractive index n of the films increase with the
amount of tungsten (i.e., from curves a to c) and with its
reduction degree (i.e., from curves d to e), reaching a maximum
value of n = 1.95 at 550 nm for the W6−0.1 film. The increase
in n for this sample must be attributed to its relatively high
tungsten content and to the high extinction coefficient
characteristic of the most reduced films (cf. Figure 6 top). It
is worth noting that films prepared with six tungsten strips and
having a similar stoichiometry (i.e., W/(W+Si) ≈ 0.75) in their
oxidized state present a lower refractive index together with a
very low extinction coefficient (e.g., curve e) in Figure 6 for
sample W6−2.5, taken as representative of the noncolored
films). A representation of these values as a function of the W/
(W+Si) ratio and those for pure SiO2 and WO3 prepared under
our working conditions is shown in Figure 9. Because of the
strict control of the optical properties evidenced in Figure 6 for
this kind of film, we have proposed their use as optical coatings
for colored ophthalmic lenses.34

3. Microstructure, Composition, and Optical Proper-
ties of WxSiyOz Thin Films Prepared by GLAD. The thin
films discussed so far were prepared at a normal deposition
geometry, i.e., with the substrate directly facing the magnetron
target. According to the relatively high values of their refractive
indices and the density values determined by the SEM/RBS
combined analysis (c.f., Table 2), they must present a compact
microstructure with no or a little concentration of voids or
empty space. This is confirmed by the SEM images of these

samples reported in images a and b in Figure 7. Drastic changes
in microstructure, composition, and optical properties were

achieved when the deposition was carried out at glancing angle.
Images c and d in Figure 7 show the SEM micrographs
corresponding to two WxSiyOz GLAD thin films prepared at a
zenithal angle of 80°. These two samples were prepared with 3
and 6 strips of tungsten in the target (i.e., samples W3−0.1
GLAD and W6−0.1 GLAD). According to their cross-section
SEM micrographs, these two samples are characterized by a
columnar microstructure, where the nanocolumns are separated
by large voids and pores as evidenced in the planar view
micrographs in this figure (inset images).
Another relevant result in Figure 7 refers to the tilting angle

of the columns. Tilted nanocolumns are a characteristic feature
of thin films prepared by physical vapor deposition at a glancing
geometry.29−33 A close observation of the cross section
micrographs of the two GLAD samples reported in Figure 7
reveals that the tilting angle of the nanocolumns is higher for

Figure 5. (Left) Transmission spectra of WxSiyOz thin films prepared
with 1, 3, and 6 strips of tungsten and a ΦO2/ΦAr ratio of 0.1, a, b, and
c, respectively (i.e., W1−0.1, W3−0.1, and W6−0.1 thin films). (Right-
top) Images of the (a) W1−0.1 and (c) W6−0.1 thin films deposited
onto polymeric ophthalmic lenses. (Right-bottom) (x,y) chromaticity
coordinates of the W6−01 thin film represented in the CIE 1931
chromaticity diagram as a function of film thickness from 100 to 800
nm.

Figure 6. (Top) Refractive index of WxSiyOz thin films prepared by
reactive MS and a standard geometry. Curves a, b, and c correspond to
thin films prepared with 1, 3, and 6 strips of tungsten and a ΦO2/ΦAr
ratio of 0.1 (i.e., W1−0.1, W3−0.1, and W6−0.1 thin films). Curves d
and e correspond to thin films prepared with 6 strips of tungsten and
ΦO2/ΦAr ratios of 0.1 and 2.5 (i.e., W6−0.1, and W6−2.5). (Bottom)
Extinction coefficient curves of samples c and e.

Figure 7. Cross-section SEM micrographs of WxSiyOz thin films
prepared with 3 (left) and 6 (right) tungsten strips and a ΦO2/ΦAr
ratio of 0.1. Samples a and b were prepared at normal geometry,
whereas samples c and d were prepared at a deposition angle of 80°
(GLAD). Inserted micrographs in c and d correspond to the planar
view of the same samples.
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the film prepared with 6 tungsten strips in the target (i.e.,
sample W6−0.1 GLAD) than with 3 strips (i.e., W3−0.1
GLAD). Although a thorough analysis of the nanocolumn
tilting is outside the scope of this paper, we can advance that
the main factor contributing to the observed differences relies
on the higher tungsten content in the W6−0.1 GLAD films.
During the sputtering deposition, both Si and W atoms are
ejected from the target and become randomized by collision
with the molecules of the plasma gas (i.e., Ar and O2) in their
trajectory toward the substrate. Because of the momentum
conservation law, for a similar average number of collisions, the
heavier tungsten atoms will undergo a lesser randomization of
their trajectories than the silicon atoms.57 Under these
conditions, shadowing effects and linear trajectories, which
are the ultimate factors responsible for the formation of the
columnar microstructure,29−33 are magnified in sample W6−0.1
GLAD because of the preferential deposition of tungsten. As a
result, the tilted nanostructure of the W6−0.1 GLAD films
approaches the microstructure of thin films prepared by
electron evaporation or similar glancing processes in the
absence of gas molecules in the evaporation chamber.58

Besides these changes in the microstructure, the GLAD thin
films presented a significant change in composition when
compared with equivalent samples prepared at a normal
configuration. The W/(W+Si) ratios in Table 1 determined by
XPS and RBS for samples W3−0.1 GLAD and W6−0.1 GLAD
clearly evidence that the tungsten content is smaller in these
samples than in samples W3−0.1 and W6−0.1. Another
significant compositional feature of sample W6−0.1 GLAD was
that its oxygen content determined by XPS was 0.72, quite
similar to the theoretical value of 0.70 deduced theoretically
from the Si and W content in the sample by assuming a full
stoichiometry of the constituent oxides. As expected, the “as
prepared” W6−0.1 GLAD sample was not colored. Although a
thorough description of the causes of this difference with
respect to the colored sample W6−0.1 is outside the scope of
the present work, qualitatively we can argue that while the
amount of less scattered tungsten atoms arriving vertically to
the film surface is smaller at GLAD by a cosine factor (the
decrease is likely smaller because some scattering of tungsten
atoms should actually be occurring), the fully randomized
silicon atoms would arrive by a similar proportion at both the
glancing and normal configurations. Thus, due to the smaller
amount of tungsten in the GLAD films, they result colorless
because even for ΦO2/ΦAr = 0.1, there must be sufficient
oxygen in the plasma gas to fully oxidize all tungsten atoms of
the films.
These changes in composition for the GLAD samples bring

about changes in their structure as determined by FT-IR. Figure
8 shows the spectra recorded for samples W3−0.1 GLAD and
W6−0.1 GLAD. As compared with the spectra of samples
prepared in a normal configuration (c.f., Figure 3), it is
apparent that the shape of the two GLAD samples is similar to
that of samples W1−0.1 and W3−0.1, which according to the
data in Table 1 present a relatively similar composition.
Therefore, similarly to these two latter thin films, we can
conclude that in the two examined GLAD samples there is a
homogeneous distribution of Si−O tetrahedra and W−O
octahedra where some of the WO6 units are not linked by all
their corners and develop WO terminal bonds.
The open microstructure of the GLAD thin films also

produces important changes in their optical properties. The
values of n at 550 nm and the density of the GLAD samples

have been represented in Figure 9 together with values of these
two magnitudes determined for the samples prepared at normal

geometry. According to this curve, density and refraction
indices of the GLAD films drastically decrease with respect to
the values of these magnitudes in the films of similar
composition prepared at normal geometry. The change in n
can be estimated in Δn(550) = −0.15 and Δn(550) = −0.18
for samples W3−0.1 GLAD and W6−0.1 GLAD, respectively.
The lower density and refractive index of the GLAD samples is
directly linked with the development of a porous micro-
structure with a high content of void space and sustains the use
of these films as antireflective coatings when deposited on ITO
or even glass.

4. Electrochromic Behavior of WxSiyOz Thin Films.
Because of the open and porous microstructure of the WxSiyOz
GLAD thin films with the highest tungsten content it is
expected a certain electrochromic activity when subjected to
voltammetric cycles in the presence of suitable cations. To
check this possibility, experiments have been carried out

Figure 8. Normalized FT-IR spectra of samples prepared with 3 a) and
6 b) tungsten strips and a ΦO2/ΦAr ratio of 0.1 at GLAD configuration
(i.e., W3−0.1 GLAD and W6−0.1 GLAD).

Figure 9. Refractive index and density of WxSiyOz thin films as a
function of the W/(W+Si) fraction for films prepared at normal and
GLAD geometries. The dashes line are plotted to guide the eyes and
to define the range of variation of the plotted parameters for samples
prepared by magnetron sputtering in a normal configuration. The
signs a and b highlight the points corresponding to samples W3−0.1
GLAD and W6−0.1 GLAD, whereas the vertical arrows show the
variation in density and refractive index between a sample prepared
under normal configuration to another prepared under GLAD
conditions for a similar W/(W+Si) ratio.
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according to the experimental protocol reported in the
Experimental Section. Before the description of the corre-
sponding results, it must be advanced that the coloring
switching behavior reported below for sample W6−0.1
GLAD was not found for the samples prepared at normal
configuration or for sample W3−0.1 GLAD. This suggests that
both a highly porosity and a minimum W/(W+Si) ratio are
requirements to get a proper electrochromic response.
Figure 10 shows the voltammograms recorded for a fresh

W6−0.1 GLAD thin film and for this film activated by cycling

the voltage three times up to reach the steady state. Then, the
voltammograms were completely reproducible even after more
than one thousand cycles (i.e., the curve after this long cycling
experiment superimposed perfectly on the curve3 in Figure 10
(left)). These curves clearly point to a reversible redox process
that must be attributed to a change in the oxidation state of
tungsten in the films. The attribution of the volta-amperometric
curve to a redox process affecting the tungsten in the films is
confirmed by the UV−vis absorption curves reported in Figure
10 (right). After the first oxidation run, the sample did not
present any significant absorption in the visible but developed
an intense absorption after successively cycling the voltage
between −0.5 and +0.6 V up to reach the steady state situation.
Once reached this state, a reversible change in absorption from
a full colored to a bleached state reproduces the reversible
cycling of the voltammogram. An outstanding behavior of our
films is that the reversible change in color occurs in a
reasonably short period of time (i.e., 5 s), being reproducible
even after more than one thousand cycles. By eye observation,
the color change corresponds to a transformation from
transparent to blue, the typical electrochromic behavior
reported for other thin films based on tungsten oxides (see
for example refs 1, 7, 8, and 14).
Figure 11 reports a series of crono-amperograms cycles and

the absorbance of the films at 650 nm, both recorded by

switching the voltage between +0.8 and −0,6 V. Clearly, these
diagrams confirm the complete reversibility of the process. The
video provided in the Supporting Information (Video S1)
clearly illustrates the good reproducibility and high rate of the
color changes. An estimation of the diffusion coefficient of the
insertion cation according to the Randles-Servick equation: ip =
2.72 × 105n3/2D1/2 Co ν

1/2 (where ip = current density (A/cm2),
n = number of electrons involved in the redox process, D =
diffusion coefficient, Co = cation concentration (mol/cm3), and
ν = scan rate (V/s))21 yields values between 1.2 × 10−9 and
16.0 × 10−9 cm2/s for scan rates of 2 and 100 mV s−1,
respectively. These values compare well with those calculated
for other electrochromic thin films based on WO3.

21,44,59−61 In
the same line, calculation of the coloration efficiency (CE)
according to the expression CE = (log(Tb/Tc)/q) (where Tb
and Tc are the transmittances of the film in the bleached and
colored states and q = charge density (C/cm2)) yields a value of
36.65 cm2/C at a λ = 650 nm, which is comparable with results
p r e v i ou s l y r epo r t ed f o r amo rphou s l a y e r s o f
WO3.

1,14,16,20,45,62,63

To ascertain the structural and chemical changes responsible
for the color changes and the electrochromic cycling of sample
W6−0.1 GLAD, wes analyzed the sample by XPS and by
Raman spectroscopy after its removal from the electrochemical
bath in the bleached and in the full colored states. The fitted
W4f photoelectron spectra in Figure 12 and the percentages of
the different oxidation states of tungsten summarized in Table
2 clearly show the formation of a significant amount of W5+ and
W4+ states for this sample in the colored state. It is worth
noting that the relative concentration of these oxidation states
is similar to that found in the “as prepared”W6−0.1 sample and
that this must be the reason for the similarity of their
absorption spectra (c.f., compare spectra c of Figure 5 (left) and
Figure 10 (right)). On the other hand, the Raman spectrum of
the colored sample depicts a very intense peak at around 300
cm−1 and a broad Raman band at around 800 cm−1, which in
agreement with the spectra of sample W6−0.1 in Figure 2
(bottom) and the related discussion, must be attributed to the
partial reduction of the tungsten trioxide. In the bleached state,

Figure 10. (Left) Successive voltammograms recorded for a virgin
WxSiyOz thin film prepared at GLAD with 6 strips of tungsten and a
ΦO2/ΦAr ratio of 0.1 (i.e., thin film W6−0.1 GLAD). Curves 1 to 3
correspond to the three successive cycles required to get steady state
conditions (scan rate: 100 mV s−1, working solution: N2 purged 0.1 M
HClO4). The inserted photographs show the film in its bleached and
colored states. (Right) Series of UV−vis absorption spectra recorded
at different stages of the electrochemical cycle as indicated by the
square dotted points in the voltammogram in the left panel of the
figure.

Figure 11. (Top) Evolution of the absorption at 650 nm during five
crono-amperogram cycles between +0.8 and −0.6 V to show the
reproducibility of the results (bottom).
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these broad and intense bands disappear from the spectrum
further sustaining that they are related with the partial
reduction of tungsten ions.

■ DISCUSSION

Colored Films Prepared by MS. The preparation of
nonglazing colored layers to modify the aspect of glass, ceramic,
or polymers is an utility with a high potential demand in fields
such as the ophthalmic industry, the architectural glass or the
decoration of materials.8,34,35 Most works in the literature
dealing with the preparation by MS of semitransparent and
colored layers, have tried the incorporation within a dielectric
matrix of noble metal nanoparticles (Au, Ag, etc.) characterized
by well resolved and intense plasmon structures.63−65 The
approach carried out here consists of preparing a mixed oxide
thin film containing a cation (i.e., Wn+, n < 6) which absorbs the
light in the visible region of the electromagnetic spectrum. We
have shown that by controlling the number of tungsten strips in
the target and the ΦO2/ΦAr ratio in the plasma gas it is possible
to tune both the amount and the oxidation state of tungsten in
the film as monitored by RBS and XPS (cf. Figures 1, 3, and 4,
Tables 1 and 2). At industrial scale this approach could be
improved by using targets of Si−W alloys or mixtures to ensure
an automatic reproducibility of results. An outstanding feature
of our films is the high stability of the Wn+ (n < 6) states in the
samples that when stored for more than 1 year in air presented
a colored aspect similar to that after preparation. This is likely
associated with the formation of a mixed W−O−Si structure,
which besides stabilizing the low oxidation states of tungsten,
prevents the diffusion of oxygen and the oxidation of tungsten,
at least under normal ambient conditions.
The observed tendencies in composition and oxidation state

found in our films can be rationalized by assuming that the
sputtered silicon atoms react more easily than tungsten atoms
with the oxygen species of the plasma and that, therefore,
silicon always appear in the form of Si4+ species. In turn,
because tungsten is more sensitive to the actual concentration
of plasma species of oxygen, this element is partially oxidized
when there is a low oxygen concentration in the plasma gas
and/or for a high number of tungsten strips in the target (i.e.,
sample W6−0.1).
From the point of view of the applications in the field of

optics or as ophthalmic coatings, the developed procedure
provides an independent control of the refractive index and the
extinction coefficient of the films. Mixtures of transparent

oxides of different refractive indices (e.g., TiO2−SiO2,
66,67

Ta2O5−SiO2,
67 WO3-other oxides,17,36−38 etc.) have been

widely used to control this parameter. Here, we have shown
that not only refractive index but also the extinction coefficient
can be tuned by mixing appropriate oxide materials in a
common structure and by controlling the oxidation state of the
constituent cations. Similar conclusions were recently obtained
for Si−Cu mixed oxides.68

Deposition Angle and Evolution of Optical Proper-
ties. Besides the W/(W+Si) ratio in the target and the ΦO2/
ΦAr ratio in the plasma gas, an additional experimental
parameter adjusted during the deposition process was the
deposition angle. We have found that performing the
deposition at glancing angles (i.e., 80°) leads to the formation
of a columnar microstructure characterized by tilted nano-
columns forming an angle with the substrate that depends on
the W/(W+Si) atom ratio in the film. In contrast with the
equivalent samples prepared at normal geometry, the develop-
ment of this porous microstructure is accompanied by a
decrease in the tungsten content and the complete oxidation of
this element in the synthesized films. We have already pointed
out in the previous section the relationship existing between the
tilting angles and the collision events taken place in the plasma
phase.69 Herein, we would also like to stress that the refraction
index of the films depends on their microstructure and that the
Δn (cf. Figure 9) between the films prepared at normal and
glancing geometries is larger the higher the content of tungsten
in the films. Within the medium effective approximation the
existence of pores and empty space in the films is an important
factor leading to variations in their refractive indices.70 Using
the Lorentz−Lorenz model,70 we have calculated that the
percentage of voids in the W3−0.1 GLAD and W6−0.1 GLAD
thin films is 25 and 30%, respectively. Despite the crude
assumptions implied for the calculation (e.g., we have taken the
films prepared at normal geometry as a bulk reference, the
pores in the GLAD films can be partially filled with water and
the Lorentz−Lorenz approximation might not be necessarily
the best for our system) these percentages agree with the
expected increase in the porosity of the GLAD thin films when
the tilting angles of the nanocolumns increases.58

Electrochromic Behavior of WxSiyOz GLAD Thin Films.
Because of the high porosity of the WxSiyOz thin films prepared
at GLAD configuration, it is expected that they are good
candidates for electrochromic applications.10−13 Such a
possibility was already proposed by Granqvist et al.33 in an
early work with GLAD thin films of pure WO3. To the best of
our knowledge, since then, no further work dealing with the use
of GLAD thin films for this application has been pursued.
Herein, we have demonstrated that the films with the highest
porosity and a medium tungsten content (i.e., samples W6−
0.1GLAD) perform quite well when used as an electrochromic
electrode with H+ as exchange cation. In fact, these films
present values of coloration efficiency (CE) and diffusion
coefficient (D), which are equivalent or even better than those
of nanostructured amorphous WO3 films prepared by other
methods. Thus, our films were quite stable under the working
conditions of the bath, so that the voltammogram and the
absorption characteristics in the colored and bleached states
remained unmodified even after more than one thousand
cycles. This high stability contrasts with the partial degradation
found for other amorphous films after so long and repeated
cycling experiments.14 We believe that the incorporation of
silicon cations in the oxide network contributes to stabilize of

Figure 12. (Left) Fitted W4f photoelectron spectra and (right) Raman
spectra of the W6−0.1 GLAD sample taken from the electrochemical
bath in the bleached and colored states.
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the structure and the Wn+ (n < 6) cations formed electro-
chemically during the reduction cycle. A similar stabilization
effect and an ultrafast electrochromic switching has been
recently reported by Schmuki et al.38 for porous W−Ta mixed
oxide thin films, where it has been attributed to a lattice
distortion around tungsten because of the presence of tantalum.
The coloration produced in electrochromic WO3 thin films

has been traditionally related to polaron transitions between
W6+ and W5+ cations16 and, more recently, also between W5+

and W4+ states.5,53,71 The XPS analysis of the W6−0.1 and
W6−0.1 GLAD films, this latter in the colored state (c.f.
Figures 4 and 12 (left)) has shown a high concentration of W4+

species in these samples and that the low oxidation states of
tungsten are quite stable over time. We have attributed this
feature to the formation of a W−O−Si common network. It is
likely that such structural stability factor favors the formation of
W5+ and W4+ species during the electrochemical reduction cycle
and, therefore, contributes to increase the CE factor of our
films.
When describing the electrochromic behavior of the W6−0.1

GLAD films, we showed that they reached a stable final
response after their electrochromic activation through three
reduction−oxidation cycles. Although further work is still
necessary to clarify the effect of this activation protocol, we
assume that this initial cycling transforms “in situ” the surface
characteristics of the tungsten oxide units into those of a
hydrous tungsten oxide. In a previous work by cyclic voltametry
of WO3 and WO3·H2O, Marcel et al.25 showed that the redox
processes, both in the reduction and oxidation sides of the
voltammograms, are much more efficient for the latter
structure. A similar effect is proposed here to account for the
need of a certain activation of our films to get their maximum
and reversible redox response.

■ CONCLUSIONS
In this work, we have shown that it is possible to prepare
WxSiyOz mixed oxides thin films at room temperature by
reactive magnetron sputtering from a single cathode made of Si
and W. Trying to tailor the thin film composition, we have used
modified cathodes made of a silicon target with a variable
number of attached tungsten strips. A direct correlation exists
between the number of W strips in the target and the final W/
(W+Si) ratio in the film. By changing this parameter and
controlling the O2/Ar ratio in the plasma gas, we have been
able to obtain colored films with a high concentration of W5+

and W4+ species which are deemed responsible for the observed
coloration. The outstanding stability of this color over long
periods of time has been attributed to the formation of a
common W−O−Si network that would stabilize the lower
oxidation states of tungsten. This feature sustains the use of
these films for ophthalmic and other optical and aesthetic
applications.
When instead preparing the films at a normal configuration

(i.e., the substrate sitting parallel to the target), the substrate is
placed at a glancing angle with respect to the target, very
porous thin films formed by tilted nanocolumns are formed. It
has been found that for the same zenithal angle of the substrate,
the tilting angle of the nanocolumns depends on the relative
amount of tungsten in the films. This feature has been
explained by assuming that the tungsten atoms ejected from the
target are less randomized by collision scattering with the
plasma gas molecules than silicon atoms. Because of the
formation of a mixed oxide network together with silicon and

to their highly porous character, the GLAD thin films have a
much lower refraction index than that of WO3 thin films and
even that of compact WxSiyOz thin films of similar composition.
The porous films with the highest relative concentration of

tungsten (i.e., W/(W+Si) = 0.48) present an outstanding
electrochromic behavior despite their amorphous character and
the relatively low content of tungsten. A coloration efficiency of
CE = 36.65 cm2/C, a diffusion coefficient D ranging between
1.2 × 10−9 and 16 × 10−9 cm2/s and a complete reversibility
after more than one thousand cycles sustain the possibility of
incorporating these thin films into electrochromic devices.
Although for this application there are more efficient films
reported in literature,21,44,59−61 the stability conferred to the
films by the Si−O bond structures and their very low refractive
index in the bleached state are remarkable advantages for this
application. In addition, the compatibility of MS with flexible
substrates makes the synthesized materials good candidates for
their integration as electrochromic devices in large areas.
However, scaling up the MS process to work in a GLAD
configuration would likely require the modification of the
conventional set ups with the incorporation of a linear slit
displaced with respect to the target normal to ensure that
glancing angle conditions are preserved over the whole layer
surface.
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Gonzaĺez-Elipe, A. R. J. Mater. Chem. 2010, 20, 6408−6412.
(33) Le Bellac, D.; Azens, A.; Granqvist, C. G. Appl. Phys. Lett. 1995,
66, 1715−1716.
(34) Fernandez-Serrano, R.; Vilajoana-Mas, A.; Dürsteler-Loṕez, J.
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Chem. Mater. 2009, 21, 1381−1389.
(47) Díaz-Reyes, J.; Delgado-Macuil, R. J.; Dorantes-García, V.;
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