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Abstract: Colored semi-transparent Cu-Si oxide thin films have been
prepared by reactive magnetron sputtering from a single cathode of copper-
silicon composition. Thin films of different composition and optical
response were obtained by changing process parameters like the relative
amount of copper in the target and the O,/Ar mixture of the reactive plasma
gas. The film characteristics were analyzed by several techniques. Their
optical properties (refractive index, absorption coefficient, color) have been
correlated with the process parameters used in the film preparation as well
as with the film stoichiometry and chemistry.
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1. Introduction

Colored thin films have been prepared by a variety of methods including physical vapor
evaporation, magnetron sputtering or plasma enhanced chemical vapour deposition (PECVD)
[1-7]. In most cases, the films not only present a given color but also a certain glow because
of the highly reflecting character of their surfaces. In many cases, these thin films also present
a good electrical conductivity. Within this type of materials we can quote the nitrides,
oxinitrides, carbides and nitrocarbides of the elements of the first transition series [8]. In
comparison with the huge number of works on this topic available in the literature, there are
very few reports on the preparation of colored oxide thin films which show some absorption
in the visible region of the electromagnetic spectra. These films can find application in
important industrial sectors related to decorative coatings or ophthalmic industry due to their
aesthetic aspect and other functional properties.

A typical way to tailor the optical properties of oxide thin film materials, particularly their
color, is to adjust the relative concentration of two single oxides mixed in a single phase. The
range of variation of the optical characteristics of the films achieved in this way can be very
wide if the two oxides mixed together have rather different refractive index and extinction
coefficient. This idea is related to the common use of transition metal oxides to color glasses,
traditionally employed in stained-glass windows and other hand-craft glasses [3,4,9-12].

However, control of the optical performance (refractive index, absorption, color) in thin
films of reduced thickness faces important problems related with the adjustment of the
concentration of the coloring cation and the tuning of their chemistry, particularly if the
deposition process occurs at low temperature and no post-deposition treatment is feasible
because of the thermal stability of the substrate. For example, this is the case for ophthalmic
and other optical applications based on polymeric lenses. In this regard, it is particularly
convenient that the colored cation to be incorporated is fully compatible with SiO, or other
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transparent oxides used as standard low index materials in antireflective or dielectric mirror
coatings or as antiscratching coatings.

In this paper, we report on semi-transparent coatings based on mixed Cu-Si oxide thin
films prepared by reactive magnetron sputtering, where copper is the coloring cation and
silicon, in 4 + oxidation state, defines the host transparent matrix. The incorporation of copper
in silicate glasses is a well known procedure to color them. For example, the characteristic
ruby color is achieved by incorporation of metallic Cu colloidal particles in transparent silica
or sodium silicate matrix [9,10]. It is also well known that glasses with reddish color can be
obtained by the incorporation of Cu®" ions and CuO clusters in these transparent matrices
[3,4,9,12]. Thus, a crucial important point for the characterization of the prepared Cu-Si oxide
thin films has been to distinguish whether the constituent oxides form a randomly distributed
mixed phase (solid solution of the oxide phases) or segregate into separated phases, and to
which extent the local electronic structure around the two cations is dependent on mixing.
Another important issue from a technological point of view is the in situ control of the
deposition process. In this respect, we have characterized the plasma discharge used in the
deposition process by Optical Emission Spectroscopy (OES). Special effort has been devoted
to correlate the characteristics of the process plasma with the final properties of the films.
Finally, information about the local electronic structure of the films has been also gained by
means of X-ray Photoelectron Spectroscopy (XPS) and Fourier Transform Infrared (FTIR)
spectroscopies.

2. Experimental
2.1 Sample preparation

Mixed Cu-Si oxide thin films were prepared by reactive magnetron sputtering. Silicon targets
of 2 inches diameter were used as the source of silicon. Copper was supplied by Cu strips
(0.25 mm thickness, 1.4 mm wide from Goodfellow) wrapped to the Si target along its
diameter. Samples were prepared with 1, 2, 3 and 5 strips. As evidenced by the erosion track
formed in the target, sputtering mainly occurred in a circumference of ~20 mm of radius (i.e.,
~125 mm circumference length). The area ratio of the sputtered copper strips was about 3, 6,
9, and 15% of the total target area for the experimental situations used for the preparation of
the films. At industrial scale this approach could be substituted by one in which targets of Si-
Cu alloys or mixtures are used to assure automatic reproducibility of results. Samples with
different optical performances were also prepared by varying the O,/Ar ratio in the process
gas mixture. The O,/Ar gas mixture was set with mass flow controllers. The oxygen mass
flow ®o, was varied between 4 to 25 sccm, while the argon mass flow @, was varied
between 40 and 10 sccm. Thus, the mass flow ratio ®g,/® 4, Was varied between 0.1 and 2.5.
The base pressure in the deposition chamber was 2x10™° mbar and the working pressure was
set constant to 5x10~> mbar. The magnetron head (GENCOA, 5 cm diameter targets) was
powered with a pulsed DC source (MPS15 from Milko Angelov Consulting Ltd). A pulse
frequency of 80 kHz and a duty cycle of 40% were used, with applied powers ranging
between 100 and 300 W. The sample holder was polarized with —100 V. The target-sample
distance was also varied between 50 to 100 mm. In these conditions, the sample temperature
during film growth was always below 373 K.

The reactive plasmas used for deposition of the thin films were characterized by Optical
Emission Spectroscopy (OES). The emission spectrum was analyzed using a 0.5 m CVI
Digikrom DK480 monochromator (CVI Laser Corporation, Albuquerque, NM), with two
1200 grooves/mm gratings, 200/600 blaze. Wavelength selective filters may be used to
eliminate the unwanted radiation. In the experiments, the spectral resolution was of 0.2 nm,
and spectral sensitivity ranging from 200 to 900 nm (Hamamatsu R928 phototube). The light
was collected by an optical fiber which was fixed to the monochromator and positioned near
the middle plane between the anode and the cathode using a vacuum feedthrough with a
collimating lens in the plasma chamber.
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2.2 Thin film characterization

Thin film microstructure was analyzed with a Hitachi S4800 field emission scanning electron
microscopy (SEM). Cross sectional and planar views of thin films prepared on Si(100) wafers
were taken to characterize the microstructure and to assess the film thicknesses.

Elemental depth profiling was performed by means of Rutherford Backscattering
Spectrometry (RBS) at the 3 MeV tandem ion accelerator of the Centro Nacional de
Aceleradores of Seville. The RBS spectra were analyzed with the SRIM software [13].

Chemical characterization by X-ray Photoelectron Spectroscopy (XPS) was carried out
with a PHOIBOS 5MCD electron analyzer using unmonocromatised Al-Ka radiation. Prior to
the XPS characterization a mild O," (1 keV, sample current 1 pA /cm?, 20 min) sputtering was
performed to all the samples to remove the adventitious carbon contamination.

Fourier Transform Infrared spectroscopy (FT-IR) in transmission mode was performed in
a Nicolet 510 apparatus for thin films prepared on polished undoped Si(100) wafers to
identify the type of bonding and local structural arrangement around each metal cation.

Optical characterization of the films was performed by transmission and reflection UV-
VIS in a Perkin-Elmer Lambda 12 spectrometer. Refractive index and extinction coefficient
were obtained by least squared fit of the simulation of the transmitted and reflected spectra.
Color coordinates were evaluated according to standard theory [14].

3. Results
3.1 Analysis of the deposition process

OES analysis of the magnetron plasma discharge has been carried out in situ, during thin film
growth, as a function of process parameters. As a general behavior, all emitted lines increase
in intensity when the magnetron power is increased. More interesting is the performance for a
fixed power. Figure 1 shows a series of OES spectra, recorded in the 315-425 nm range, using
a series of standard conditions (fixed magnetron power to 100 W, total pressure to 5x10~
mbar, target-sample distance of 10 ¢m, and 3 Cu strips in the target and several ®py/®a,
ratios) during the deposition processes. The strongest lines in these spectra can be easily
ascribed to Cu-1 (Isp4, 1327) and Ar-l (416, l420) €emissions [15]. We observe that these emission
lines increase in intensity as the amount of Ar in the plasma discharge increases (for fixed
power and pressure). The inset in Fig. 1 shows the intensity ratio between these Cu and Ar
lines. When ®@q,/® 4, > 1 the ratio between the Cu and Ar emissions lcy/lar (Icy = laoa + l327; Iar
= 16 + l4p0) remains constant. However, it increases up to a factor 2 for ®gy/®ar = 0.1.
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Fig. 1. OES spectra corresponding to several ®oy/®x, ratios of the process plasma discharge, as
indicated. Bands are assigned to different species according to [15]. Inset: Intensity ratios of the
strongest Cu (ls24 + l327) and Ar (las + l120) emission lines in the plasma discharge as a function
of the gas flow ratio ®o/®ar corresponding to a Si target with 3 Cu strips, 100 W applied
power and 5x10 mbar total pressure in the reaction chamber.
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Regarding the deposition rate d,, it is found that it diminishes when the sample-target
distance increases (5-10 cm range), and increases with the power supplied to the magnetron
(100-300 W) and number of Cu strips in the target. For example, for 100 W power, a sample
target distance of 10 cm, and ®q,/D, = 1.0, d, increases from 3.2 nm/min for no Cu strip
(deposition of pure SiO,) to 5.2 nm/min for 5 strips. It also varies with the mass flow ratio
®o,/Dp, used during the deposition process. Thus, for 100 W, 10 cm sample-target distance
and 3 Cu strips, it increases from 3.8 nm/min to 9.8 nm/min when ®¢,/® 4, decreases from 2.5
to 0.1. Table 1 collects a survey of preparation conditions and the corresponding deposition
rates.

3.2 Elemental composition and depth analysis

The in-depth composition of the films was studied by RBS. Figure 2 shows typical RBS in-
depth composition spectra and their fitting with the SRIM software. The analysis
demonstrates that, in all cases, copper distributes homogeneously in depth and that the copper
content varies depending on the deposition conditions. Besides, no significant surface
segregation of any of the two constituent cation is observed. Table 1 summarizes the relative
stoichiometry Xc, (Xcy = [CU]/([Si] + [Cu]), obtained for several preparation conditions. The
reported values show that the Cu content in the films is clearly dependent on the number of
Cu strips wrapped to the Si target, varying between 0.16, 0.39, and 0.68 when using 1, 3 and 5
Cu strips wrapped to the Si cathode, respectively. On the other hand, Xc, is not significantly
affected by ®q,/Dp,.

RBS Si-Cu oxides

D0, =1.0| | @ /b, =0.1

Si (substrate)

yield (arb. u.)

T T T T T T T T T T T T
100 200 300 400 100 200 300 400
channel number channel number

Fig. 2. Experimental and fitted RBS spectra of two selected mixed Cu-Si oxide thin films. The
spectra demonstrate a homogenous in-depth distribution of Cu and Si atoms.

The surface composition of the samples was also analyzed by standard XPS. General XPS
spectra showed that all the films prepared were composed of O, Si and Cu and very low
amount of C atoms (below 2 atomic percent), probably due to adventitious carbon. Regarding
the relative Xc, values defined above, both XPS and RBS techniques agreed in the
quantification within 5 atomic %, thus confirming that no surface segregation of any of the
constituents was present.

3.3 Microstructure and bonding structure of the films

Figure 3 shows typical SEM cross section images obtained for the Si-Cu oxide films. They
appear flat and featureless, without any defined grain structure. The structure of the films was
also assessed by means of standard Bragg-Brentano X-ray diffraction analysis. No diffraction
reflections were detected, confirming the amorphous character of the structure of the films.
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Fig. 3. SEM cross section micrograph of a typical Cu-Si oxide thin film.

Information about the bonding environment around Si and Cu atoms was obtained by FT-IR
analysis. Figure 4 shows a series of FT-IR spectra of selected samples. We observe that the
stretching mode corresponding to Si-O-Si vibration, that appears at about 1065 cm™ for pure
SiO, films, shifts to lower wavenumbers (to ~1055 cm™) as the amount of Cu in the film
increases. At the same time a new band at ~925 cm™ develops in the spectra. This latter band
is a clear indication of Si-O-Cu bond formation [16]. For films with 50% Cu the Si-O-Si band
has nearly disappeared, indicating that there is no segregation of a pure SiO, phase in the
films. Note also that a broad band at about 450-650 cm™ develops when the amount of Cu in
the films increases. However, the typical bands to Cu-O-Cu stretching modes in either Cu,O
(at 615 cm™) or CuO (480 and 529 cm™) are not observed in the spectra [17,18]. This
confirms the absence of any significant phase segregation of these oxides, and therefore that
the films can be described as a solid solution of silicon and copper oxides.
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Fig. 4. FT-IR spectra of a series of Cu-Si oxide thin films with increasing number of Cu strips
in the Si cathode and prepared with 3 strips and increasing values of ®o/®a, for the process
gas.

3.4 Chemical state analysis and local bonding structure

Figure 5 shows a series of Cu 2p spectra obtained for several Cu-Si mixed oxide samples. The
evolution in the shape of the spectra can be rationalized by a progressive change in the
relative content of copper atoms with either Cu* or Cu®* oxidation states [19,20]. We observe
that it varies from a situation with mostly Cu®* for films prepared with one copper strip and
®py/Par = 1.0 to pure Cu” for the films prepared with three copper strips and ®g,/®p, = 0.1
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(i.e., the minimum amount of O, in the reactive gas that warranties full oxidation of silicon to
Si*"). The partition between these two oxidation states can be deduced by linear combination
of the spectra of corresponding to pure Cu®* and Cu* states. The [Cu*]/([Cu’] + [Cu?]) ratios
obtained in this way are reported in Table 1 for the different preparation conditions. In general
we obtain that, for a fixed Cu content in the Cu-Si target, the amount of copper atoms in the
Cu + oxidation state which are incorporated in the Cu-Si mixed oxide thin film increases for
lower @p,/D 4, ratios. However, precise quantification of the film chemistry based only on this
technique has to be taken with care, since we have observed that the surface cleaning
procedure (mild O," sputtering) tends to reduce the Cu?* species to Cu® at the sample surface.

Table 1. Survey of Experimental Conditions and Properties Obtained for Mixed Si-Cu
Oxides Prepared by Reactive Magnetron Sputtering

#Cu (DOZ/(DAr dr [CU]/ [CU+]/ k

strips (sccm) (nm/min) ([Cu] + [Si]) ([Cu™] + [Cu®]) ss0 550
0 10/10 13 0 - 1.46 <0.005
1 10/10 18 0.16 0 1.64 0.020
2 10/10 24 0.27 0.20 1.76 0.030
3 10/10 27 0.39 0.35 1.83 0.062
5 10/10 35 0.68 0.48 212 0.15
3 4/40 7 0.38 1 181 0.063
3 25/10 25 0.40 0.36 1.82 0.058

Further information of the chemical nature and local electronic structure around the two
constituent cations of the mixed oxide thin films can be gained through the Si and Cu Auger
parameters [21-23]. The Auger parameter is a local probe that can be correlated to: i) changes
in the chemical nature (i.e., oxidation state) of the emitter atom and ii) variation in the extra-
atomic relaxation energy when, for a fixed oxidation state, the local environment of a cation
changes.

Auger parameters of Si ag; and Cu ag, have been evaluated in the usual way [21,22]

a5 = BE(Si 2p) + KE(Si KLL)
Ocy = BE(CU 2p3/2) + KE(CU L3VV)

where BE(Si 2p) and BE(Cu 2pg);) are the binding energies of the Si 2p and Cu 2ps, signals
and KE(Si KLL) and KE(Cu L3VV) are the kinetic energies of the Si KLL and Cu L;VV
Auger emissions, respectively.

Figure 6 (left) shows that ag varies linearly between 1712.2 to 1712.6 eV as the Cu
percentage increases in the Si-Cu-O matrix. As a reference, the ag of pure SiO, samples
(prepared without Cu) appears at 1711.4 eV. Note that for all studied samples, silicon atoms
are always present as Si** species. Therefore, the increase of ag; as the amount of Cu in the
films increases indicates that the photoholes created at the Si sites relax easier (more energy is
released by polarization of the nearby matrix) as the amount of copper in the films increases.
Therefore, the probability that Cu is the second neighbor through the development of Si-O-Cu
bond structures increases with increasing Cu content in the films. This result points again to
lack of phase segregation, yielding as a result a continuous evolution in the Auger parameter
of Si** species from the pure SiO, matrix to Si diluted in a mostly CuO, matrix for the
samples with highest x¢, values.
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Si-Cu oxides Cu2p
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Fig. 5. Cu 2p photoemission spectra of Cu-Si oxide thin films prepared with different
experimental process parameters.

The opposite behavior is observed for ac,. The interpretation of the evolution of ac, with
the films composition is not so straightforward, as both the oxidation state (Cu*, Cu**) and the
polarization effects vary simultaneously. Figure 6 (right) shows the evolution of ac, with the
relative amount of Cu” species in the samples, as determined by XPS. Since the reported
Auger parameter of Cu* species in Cu,O is 1849.2 eV and Cu®* species in CuO is 1851.6 eV
(see Fig. 6 (right)), it is likely that changes in ag, are a consequence of both the presence of
different oxidation states in the films and the influence of the different polarization of the
environment [20].
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Fig. 6. Silicon Auger parameter as; (left) and Cu Auger parameters ac, (right) as a function of
the composition of the Cu-Si oxide thin films.

3.5 Optical properties

Figure 7 shows transmission UV-Vis spectra of several films prepared on glass with 100 watts
as magnetron power. It shows a series of spectra of samples prepared with a fixed ratio
®o,/Dp = 1.0 and varying the number of Cu strips wrapped to the target, as well as spectra of
samples prepared with several Cu strips and different mass flow ratio ®gy/®@p. The
thicknesses of these samples are about 0.2 microns. It is apparent that the overall absorption of
the films increases with the number of Cu strips in the cathode and for lower ®q,/® 4 values,
i.e., with the percentage of Cu in the films (see Table 1). It is observed a constant weak
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absorption above 0.6 microns. This absorption increases for shorter wavelengths. The
threshold at about 0.3 microns corresponds to the absorption of the glass used in this study.
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Fig. 7. UV-Vis transmission spectra of a series of Cu-Si oxide thin films prepared under several
preparation conditions (see legend).

The refractive index and extinction coefficient of Cu-Si oxide materials was evaluated by
simulation of transmission and reflection UV-Vis spectra of the films, considering a
homogeneous single layer and a Forohui-Bloomer model of the complex refractive index [24].
The results of this analysis for the series of samples shown in Fig. 7 is reported in Fig. 8.
Refractive index of pure SiO, (prepared without Cu strips and ®g,/®a, = 1.0) is also included
for completeness. Table 1 collects the refractive index values at 550 nm (nsso) for these films.
It is found that the refractive index of the Cu-Si oxide films increases with the Cu content in
the films. Thus, for ®oy/®A = 1.0 and x¢, = 0.16, 0.27, 0.37, and 0.68 we obtain that nssy =
1.64, 1.76, 1.83, and 2.12, respectively. Besides, for a fixed Cu/Si stoichiometry, it is found
that lowering the ®q,/®4, ratio, the refractive index further increases. According to the
previous chemical quantification, this increase of refractive index is correlated with the
increase of Cu® species in the films.
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Fig. 8. Refractive index (left) and extinction coefficient (right) of a series of Cu-Si oxide thin
films for a @/ ratio of 1.0 and different number of strips in the cathode and for 3 stripes
and different values of the ®gy/®x, ratio.

At this point it is convenient to correlate the obtained results with data reported in the
literature for single SiO,, Cu,O or CuO oxides. It is well known that the refractive index of
SiO, is about 1.45. Refractive indices of cuprous oxide thin films [6,17,18,25-27], cupric
oxide [17,18,27] and mixtures of them [28] have been reported in the literature. From the
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rather broad dispersion of reported values, a reasonable nsg, of the cuprous oxide is about 2.6,
while a slightly lower value can be assumed for cupric oxide. These results are consistent with
the values obtained in our study. The highest values of refractive index 2.12 was obtained for
the X, = 0.7.

On the other hand, the extinction coefficient increases as the percentage of Cu in the films
increases. Note that, besides an increase of intensity and energy shift to longer wavelengths of
the main absorption edge, it was necessary to include a wide localized absorption band at
about 750 nm to achieve satisfactory fitting of the UV-Vis spectra. This absorption band has
been previously ascribed to Cu?* in CuO [29]. The previous considerations are also valid for
the description of the absorption coefficient of the films, a magnitude that gives a more
intuitive idea of the light attenuation through them. Figure 9 shows the absorption coefficient
determined for a series of films. It increases with the amount of copper in the films and for
lower ®q,/D 4, ratios.
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Fig. 9. Absorption coefficient of a series of Cu-Si oxide thin films for an ®q,/®Dx, ratio of 1.0
and different number of stripes in the cathode and for 3 strips and different values of the
Do/ Dar ratio.

3.6 Color

As it was mentioned in the introduction section, an application of this kind of films is as
decorative coatings, a context where evaluation of their color is a key issue. Color is a
perceptual characteristic of light adapted to the human being eye sensitivity. It can be
quantified through a colorimetric analysis of a given electromagnetic spectrum. The analysis
of the optical properties of the films, according to standard theory of colorimetry [14], can be
used to assess their color when considered in transmission.

Figure 10 shows the CIE1931 chromaticity diagram including the (x,y) chromaticity
coordinates of the Cu-Si oxide thin films studied in this work. They have been evaluated for
transmission geometry of the films deposited on quartz, considering a D65 illuminant, and an
observer at 2 degrees field of view. It is found that by increasing the Cu content in the films or
their thickness, the color shifts from the achromatic point towards the greenish yellow region
(about 570- 580 nm) of the chromaticity diagram This is due mainly to the absorption induced
by the band at about 600-800 nm.
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Fig. 10. Left: (x,y) chromaticity coordinates (evaluated in transmission) of the Cu-Si oxide thin
films studied in this work represented in the CIE 1931 chromaticity diagram. Right: Example
of the deposition of Si-Cu mixed oxides with 1, 2 or 3 Cu strips wrapped to a Si target and
q)OZ/(DAr =0.1.

Figure 11 shows another representation of the color characteristics of the Cu-Si oxide thin
films studied in this work. In this case, the L*, a* and b* color coordinates in the CIELAB
color space are shown. The representation of the color coordinates in the CIELAB space is
convenient for accurate specification of object colors (two colors which appear similar to a
human observer lie close together in the L*a*b* space). Color differences are easily
quantified in this space, as they are evaluated as Euclidean distances. The plot includes the
evolution of the lightness L*, and color coordinates a* and b* as a function of thickness for 3
particular preparation conditions (3 Cu strips and ®gy/®a = 1.0 and 0.1, and 5 strips with
Do,/Dp = 1.0). Note first that L* decreases as the thickness of the film increases. Besides,
note that a* varies £ 3 units about the value a* = 0. This variation can be justified by the
changes induced in the transmitted color due to interference effects. On the other hand, b*
increases steadily as the thickness increases. This behavior corresponds to colors with
approximately constant hue (defined as the arctan(b*/a*) and increasing chroma (modulus of
the (a*,b*) vector), when Cu content and thickness are increased. Other experimental
conditions tested in this study showed weaker effects on the color variation.

An important component of the achieved color is due to the absorption band about 700-
800 nm. However the actual transmitted color is also modulated by the absorption induced in
the rest of the electromagnetic spectrum and the increase of the refractive index with the Cu
content in the films.

Owing to the strict control of the optical properties achievable with this kind of films, we
have proposed their use as optical coatings for colored ophthalmic lenses [30].
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Fig. 11. L*, a*, and b* color coordinates in the CIELAB color space of the Cu-Si oxide thin
films studied in this work.

4. Discussion

The use of Cu strips wrapped in the Si target has been demonstrated to be a good approach to
prepare Cu-Si oxide thin films with variable and controlled composition. In our system, the
erosion track at the Si target induced by the magnetron sputtering was a circumference of ~20
mm of radius (i.e., ~125 mm circumference length). Taking into account the stoichiometries
of the Cu-Si oxide films and that each Cu strip covers about 3 mm of the eroded track, it can
be estimated that the Cu sputter efficiency is about 6 times higher than that of the Si target
(see Table 1) in agreement with reported sputtering yields of Cu and Si [13]. The higher
sputtering yield of copper also explains the observed increase in deposition rate with the
number of Cu strips (cf. Table 1).

The evolution of OES line intensities can be correlated with the deposition rate. It is
observed that the higher the intensity ratio I/l the higher the deposition rate (compare Fig.
2 with data in Table 1). It also correlates with the chemical nature of the Cu species in the
films. Thus, if lc/la >> 0.8 a majority Cu* species become incorporated in the films. On the
other hand, if Ig,/la << 0.8 mainly Cu®" are incorporated into the film structure. Therefore
Icu/1ar can be used as an “in-situ” monitoring parameter of the deposition process.

This strict control of the deposition conditions and therefore thin film characteristics has
allowed us to tune the optical properties of the films and, in particular, to adjust their color
within a certain range of variation. Thus, it has been realized that for the same stoichiometry,
an increase in the concentration of Cu®* species slightly turn color from the yellow to the
greenish-yellow region of the chromatic diagram. These changes should be linked to a
decrease of absorption in the 0.6-0.7 um range. Thus, it can be concluded that not only the
amount of Cu in the films but also the Cu*/Cu®* ratio affect the absorption spectrum, and
therefore the color of the films.

There is a link between the local effect that shows up in changes in the Auger parameter
and the macroscopic variation of the refractive index. The classical theory of dielectrics
provides the way to correlate extensive and local dielectric properties of a given material. In
particular, the microscopic electronic polarizability o, measures the ability of the electronic
clouds to respond to the local electric fields. In the Lorentz-Lorenz approximation, o, iS
considered to be proportional to the (n?-1)/(n? + 2) function. The main contribution to a, in
mixed oxide systems comes from the oxygen ions of the lattice. Changes in extra-atomic
relaxation energy of a cation in an oxide (note that oxygen atoms are always their nearest
neighbors) show up as variations of the Auger parameter. In fact, the main mechanism for
screening of the photoholes in the final state is the formation of local dipoles in the
surrounding medium around the cation. Therefore, it is expected a correlation between the
changes in the Auger parameter and the (n?-1)/(n? + 2) function. This has been the case for
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other mixed oxide system (Si-Ti, Si-Zr, Si-Al) as reported previously [30,31]. Our analysis in
the present work supports that this correlation, previously used with non-absorbing media
[31,32], can be extended to weakly absorbing dielectric materials, as it is the case for the Cu-
Si mixed oxide system studied here.

Finally, it is worth noting that the results presented above regarding colored oxide thin
films by reactive magnetron sputtering using mixed Cu-Si targets can be easily extrapolated to
other systems and that the analysis of the plasma is a good procedure for the “in situ”
monitoring of the growth process of mixed oxide thin films.

5. Conclusions

The previous results have shown that colored semi-transparent oxide thin films can be
prepared by reactive magnetron sputtering from metal cations of two metals, the first one
yielding a transparent oxide (Si in our case) that acts as a host matrix and another a transition
metal (Cu in this work) that yields a colored aspect. The films, prepared at temperature below
373 K, are a solid solution of the two constituent cations in a common oxide matrix (as
suggested by FT-IR and XPS analysis). They present a different color depending on
characteristics of the films such as the relative concentration of the cations and their oxidation
state. In this work we have studied the case of Cu-Si oxides thin films. Their optical properties
(refractive index, absorption coefficient, gap, color) have been reported. The color range
varied within a line of constant hue about the greenish-yellow region of the chromaticity
diagram. This variation in color has been related with the thickness, Cu/Si ratio and chemical
state of copper in the films. This method to produce semitransparent colored thin films can be
considered as a general procedure for the preparation of thin films with other colors by using
cations to supply different chromaticity.
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