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Abstract: The intense luminescence of SiOC layers is studied and its 
dependence on the parameters of the thermal annealing process elucidated. 
Although the emission of SiOC is bright enough to be interesting for 
practical applications, this material is even more promising as a host matrix 
for optically active Eu ions. Indeed, when incorporated in a SiOC matrix, 
Eu3+ ions are efficiently reduced to Eu2+, producing a very strong visible 
luminescence peaked at 440 nm. Eu2+ ions benefit also of the occurrence of 
an energy transfer mechanism involving the matrix, which increases the 
efficiency of photon absorption for exciting wavelengths shorter than 300 
nm. We evaluate that Eu doping of SiOC produces an enhancement of the 
luminescence intensity at 440 nm accounting for about a factor of 15. These 
properties open the way to new promising perspectives for the application 
of Eu-doped materials in photonic and lighting technologies. 
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1. Introduction 

The realization of an efficient Si-based light source represents one of the most relevant issues 
for the scientific community currently working in the field of photonics. The main 
characteristics required for this source are high efficiency at room temperature, tunability in a 
wide wavelength range, easy integration in highly compact Si microphotonic devices. In this 
framework, during the last decade, the bright light emission provided by Si nanocrystals (nc) 
embedded in a SiO2 matrix has gathered a lot of interest [1]. A leading role in the field of Si 
photonics is also played by rare earth (RE) ions; RE doping of insulating or semiconducting 
host matrices has been recognized as a powerful method to provide intense luminescence 
signals spanning in a wide wavelength range, opening the way to several new applications for 
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Si-based materials in the field of photonics [2]. A relevant example of this approach is 
represented by the very intense 1.54 µm luminescence provided by Er-doped Si nc [3], which 
has opened new perspectives for the fabrication of Si-based optical amplifiers [4]. Among the 
other RE ions, a considerable attention has been devoted to Eu. Both divalent and trivalent Eu 
ions can act as efficient emitting centers in the visible region and their bright emission is 
widely employed in phosphors used in plasma display panels and in solid state lighting [5]. 
On the other hand, applications of Eu in Si photonics require the availability of Eu-containing 
thin films compatible with CMOS technology. Several papers have studied the optical 
properties of Eu-doped SiO2 films [6–9], but the very low Eu solid solubility in silica (cluster 
formation occurs for Eu concentrations larger than 1018 cm−3 [10–12]) seems to seriously 
limit its perspectives in photonics. As an interesting alternative approach to doping, also Eu 
compound thin films have received a considerable attention [13–16]. 

A different approach to obtain efficient light emission from a Si-based material is 
represented by Si oxycarbide (SiOC), which has been extensively studied for its intense 
photoluminescence (PL) emission in the visible range [17–23]. PL emission from SiOC films 
generally consists of multiple contributions, which have been attributed to different centers, 
including Si-C bonds in C-containing Si (or SiC) nanoclusters [17,20], C- and Si-related O 
defects [18,21], defects at the SiC/SiO2 interface [19], neutral oxygen vacancies [22]. 
Furthermore, it has been also evidenced that SiOC can be an interesting host material for RE 
ions, including Er [24] and Eu [12,25]. Indeed, under suitable experimental conditions, Eu 
ions have a remarkably higher solid solubility in SiOC than in SiO2 [12]. In addition, in a 
SiOC matrix the formation of Eu2+ ions, which exhibit a very strong emission originating 
from dipole-allowed 4f65d → 4f7 transitions, is favorite with respect to that of Eu3+ ions, 
whose intra 4f-shell transition, being dipole-forbidden, leads to a less intense luminescence 
[26]. A further appealing feature of the emission of Eu2+ ions is the possibility to tune the PL 
peak position in a wide range within the visible region by changing the Eu concentration [27]. 

In this paper we will study the optical properties of SiOC and Eu-doped SiOC thin films 
synthesized by rf magnetron sputtering. It will be demonstrated that the temperature and the 
environment of the thermal annealing process have a key role in determining the features of 
the PL emission in the visible region from both materials. The mechanisms of the SiOC-Eu 
interaction, leading to a very bright visible emission assigned to Eu2+ ions, will be also 
elucidated. The relevance of the above data for the realization of an efficient Si-based light 
source, which can be of great interest for applications in photonics as well as in solid state 
lighting, will be addressed. 

2. Experimental section 

SiOC and Eu-doped SiOC thin films have been synthesized by using an UHV rf magnetron 
sputtering system. The chamber base pressure was about 1 × 10−9 mbar. The deposition has 
been obtained by co-sputtering of 4-inches diameter, water-cooled SiO2 and SiC targets (in 
the case of SiOC samples), and SiO2, SiC and Eu2O3 targets (in the case of Eu-doped SiOC 
samples). C concentration has been fixed at about 5 at.% in both doped and undoped SiOC 
films, while Eu concentration was 1.5 × 1020 cm−3. The films were deposited on Si substrates 
kept at 400 °C in a 5 × 10−3 mbar Ar atmosphere. After deposition the films were thermally 
treated at temperatures ranging from 600 to 900 °C for 1 h in O2 or N2 atmosphere. 

Both doped and undoped as-deposited SiOC films are about 190 nm thick, as measured by 
both ellipsometry and cross sectional transmission electron microscopy. The refractive index 
of SiOC samples was measured using an ellipsometer equipped with a He-Ne laser operating 
at 632.8 nm. The Eu content of the film was determined by Rutherford backscattering 
spectrometry measurements, performed by using a 2 MeV He+ beam, with the detector placed 
at an angle of 165° with respect to the incident beam. 

PL measurements were performed by pumping with the 325 nm line of a He-Cd laser. The 
pump power was about 3 mW and the laser beam was chopped through an acousto-optic 

#190724 - $15.00 USD Received 16 May 2013; revised 12 Jun 2013; accepted 12 Jun 2013; published 22 Aug 2013
(C) 2013 OSA 26 August 2013 | Vol. 21,  No. 17 | DOI:10.1364/OE.21.020280 | OPTICS EXPRESS  20282



modulator at a frequency of 55 Hz. The PL signal was analyzed by a single grating 
monochromator and detected with a Hamamatsu visible photomultiplier. Spectra were 
recorded with a lock-in amplifier using the acousto-optic modulator frequency as a reference. 
The same experimental set-up has been maintained for PL measurements of both undoped 
and Eu-doped films, in order to allow the direct comparison of the intensities. PL lifetime 
measurements were performed by monitoring the decay of the luminescence signal at a fixed 
wavelength after pumping to steady state and switching off the laser beam. The overall time 
resolution of our system is of 200 ns. 

Photoluminescence excitation (PLE) measurements in the 250-475 nm range were 
performed by using a FluoroMax spectrofluorometer by Horiba. All the spectra have been 
measured at room temperature and corrected for the system spectral response. 

3. Results and discussion 

The room temperature PL spectra of as-deposited and thermally annealed SiOC films, 
obtained by exciting with the 325 nm line of a He-Cd laser, are shown in Fig. 1; Figs. 1(a) 
and 1(b) refer to samples annealed in N2 and O2 atmosphere, respectively, the explored 
temperature range is 600-900 °C and the duration of all the processes is 1 h. 

 

Fig. 1. Room temperature PL spectra for SiOC films as deposited and annealed in the 
temperature range 600 – 900 °C (a) for 1h in N2 ambient, and (b) in O2 ambient. 

It is noteworthy that all PL signals shown in the figure are visible by the naked eye. 
Furthermore, it is evident that the conditions of the thermal treatment strongly influence the 
optical properties of the films; in particular, both the intensity and the shape of the PL peaks 
markedly depend on the ambient and on the temperature of the thermal process. More in 
detail, spectra of O2-annealed samples are generally blueshifted and sharper with respect to 
those of samples annealed in N2 and the PL signal is maximized at 900 °C for processes 
performed in N2 and at 750 °C for processes performed in O2. 

#190724 - $15.00 USD Received 16 May 2013; revised 12 Jun 2013; accepted 12 Jun 2013; published 22 Aug 2013
(C) 2013 OSA 26 August 2013 | Vol. 21,  No. 17 | DOI:10.1364/OE.21.020280 | OPTICS EXPRESS  20283



In order to gain deeper information about the nature of the observed PL emission, in Fig. 2 
we compare the PL spectrum of an as-deposited film (black line) with those measured in 
samples annealed in N2 (red line) or O2 (blue line) ambient at the same temperature of 900 °C. 
All spectra have been normalized to allow an easier comparison. The spectrum of the as-
deposited sample appears quite broad, suggesting the presence of at least two different 
contributions originating from two different luminescent centers. The complex nature of the 
PL emission of SiOC films can be better understood by analyzing the PL peaks of the 
annealed films. Indeed, after annealing in N2 atmosphere, a peak at 510 nm becomes 
predominant, although it is still visible a shoulder at 400 nm. In contrast, after annealing in O2 
atmosphere, the maximum of the band is found at 400 nm and the component at 510 nm is 
almost completely quenched. 

 

Fig. 2. Comparison between the normalized PL spectra of SiOC films as deposited and 
annealed at 900 °C in N2 and in O2 ambient. 

The behavior of the two components of the PL emission of SiOC films as a function of the 
annealing temperature for both N2 and O2 processes can be analyzed by plotting their 
integrated intensity, obtained by a suitable fitting procedure employing Gaussian peaks. 
These data are reported in Fig. 3; for processes performed in N2 atmosphere (Fig. 3(a)) the 
prevalent PL band is the one at 510 nm and its intensity (plotted as red line and circles) 
continuously increases by increasing the annealing temperature, while the intensity of the 
component at 400 nm (blue line and circles) remains quite low and almost constant 
throughout the explored temperature range. In contrast, for samples annealed in O2 
atmosphere (Fig. 3(b)), the prevalent PL band is the one at 400 nm and its intensity has a 
maximum at 750 °C and decreases at higher temperatures, while the component at 510 nm 
has a maximum at 600 °C and decreases at higher temperatures, being almost completely 
quenched at 900 °C. 

In order to obtain more information on the nature of the two luminescent centers, we have 
performed PLE spectroscopy measurements on SiOC samples annealed at 900 °C. The PLE 
intensity shown in Fig. 4, obtained by integrating the emission spectra recorded as a function 
of the excitation wavelength in the range 250-370 nm, is deeply influenced by the annealing 
environment. In particular, for the sample annealed in N2, the integral PL intensity is almost 
constant between 250 and 270 nm and then steeply drops by increasing the excitation 
wavelength, while for the sample annealed in O2 it monotonically decreases with increasing 
wavelength. 
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Fig. 3. Integrated intensity as a function of the annealing temperature for the two components 
of the PL signal of SiOC films annealed (a) in N2 ambient, and (b) in O2 ambient. The red 
circles refer to the component at 510 nm, the blue ones to the component at 400 nm. 

 

Fig. 4. Room temperature PLE intensity obtained by integrating the PL spectra recorded as a 
function of the excitation wavelength in the range 250-370 nm for SiOC films annealed at 900 
°C in N2 (red circles and line), and O2 (blue squares and line, multiplied by a factor of 2). 

On the basis of the data shown in Figs. 1-4 it is possible to reasonably conclude that the 
peak at 510 nm is due to the presence of Si-C bonds [17,20], while the peak at 400 nm can be 
assigned to luminescent defects, such as oxygen vacancies [18,21,22]. Indeed, when SiOC 
films are annealed in N2 atmosphere, a partial ordering of the film structure occurs, leading to 
the formation of optically active Si-C bonds; in agreement with this picture, the increase of 
the PL signal at 510 nm as a function of the annealing temperature for N2 processes, shown in 
Fig. 3(a), is due to the increment of the concentration of these bonds. The evidence that the 
system becomes more optically efficient at higher temperatures confirms that the PL at 510 
nm cannot be assigned to defect centers, further supporting its assignment to Si-C bonds. On 
the other hand, by increasing the annealing temperature of O2-treated samples, Si-C bonds 
emission intensity decreases because the oxidation of SiOC films implies a decrease of the C 
concentration into the film. 
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As far as the component at 400 nm is concerned, the oxygen vacancies responsible of this 
emission are already present in the as-deposited material and their concentration is not 
strongly affected by annealing processes in N2. On the other hand, as expected, their 
concentration remarkably increases during the annealing in O2 ambient, due to the elimination 
of C atoms through the formation of volatile species such as CO or CO2 [28], and decreases at 
higher annealing temperature, due to the recovery of the chemical luminescent defects of the 
film induced by the thermal treatment, leading to the formation of a nearly stoichiometric 
SiO2 layer. 

A confirmation of the above picture concerning the nature of the PL emission in SiOC 
films has been obtained by ellipsometric measurements of the refractive index at 632.8 nm. 
Figure 5 shows the evolution of the refractive index as a function of the annealing 
temperature for SiOC films treated in N2 or O2 ambient. 

 

Fig. 5. Refractive index, measured at 632.8 nm, as a function of the annealing temperature for 
SiOC films annealed in N2 (red circles and line), and O2 (blue squares and line). The refractive 
index of pure SiO2 is indicated by a blue dash-dotted line. 

The as-deposited sample has a refractive index of about 1.57, which reflects its low C 
content (pure SiC refractive index is about 2.60 [29], while pure SiO2 refractive index is 
about 1.45 [30]). For annealing in N2 atmosphere (red line and circles), the refractive index is 
almost constant throughout the explored temperature range (from room temperature up to 900 
°C), indicating that the stoichiometry does not change during the annealing process, in 
agreement with the conclusions drawn on the basis of the above discussed PL data. In 
contrast, after annealing in O2 atmosphere (blue line and squares), the refractive index 
decreases with increasing the annealing temperature. This corresponds to a change in the 
sample stoichiometry, and in particular to a variation of the C content in the SiO2 matrix. 
Indeed the annealing process in oxidizing ambient induces the diffusion of oxygen inside the 
sample and its reaction with the C contained into the SiOC film, leading to the formation of 
small gaseous molecules such as CO or CO2 which can therefore escape from the sample, 
leaving it depleted in C and oxidized [28]. With increasing temperature, oxidation rate 
increases too, and the final result is a deep change of the stoichiometry of SiOC samples, 
leading to a continuous reduction of the refractive index, towards the typical SiO2 value 
(1.45), indicated in Fig. 5 by a dash-dotted blue line. The variation of the refractive index of 
SiOC films annealed in O2 is in full agreement with the optical properties described in Figs. 
1-4. 
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As previously reported [12,25], SiOC can be also a very suitable host matrix for 
luminescent Eu ions. Indeed, Eu precipitation, which strongly limits the optical efficiency of 
Eu ions embedded in the more conventional SiO2 matrix, can be almost completely 
suppressed in SiOC. Furthermore, SiOC is also able to induce the Eu3+ → Eu2+ reduction, 
providing a simple method to obtain high concentrations of the most optically efficient Eu 
species (Eu2+). Figure 6 reports the room temperature PL spectra, obtained by exciting with 
the 325 nm line of a He-Cd laser, of Eu-doped SiOC samples having an Eu concentration of 
1.5 × 1020 cm−3, treated at 900 °C in N2 or O2 ambient. The N2-treated sample (blue line) 
exhibits a very intense PL band, centered at about 440 nm, due to the 4f65d → 4f7 transitions 
of Eu2+ ions, massively formed owing to a reduction reaction involving the C atoms of the 
SiOC matrix [12]. No PL lines associated to Eu3+ are detected. The PL spectrum of the 
sample treated in O2 ambient (magenta line, multiplied by a factor of 10 in the region 370-550 
nm and by a factor of 400 in the region 550-750 nm) shows a band centered at about 420 nm, 
attributable to Eu2+ ions, and some weaker sharp peaks at longer wavelengths, typical of Eu3+ 
emission; the main Eu3+ peak is detected at 618 nm, which corresponds to the 5D0 → 7F2 
transition. The other less intense peaks at about 575, 657, and 705 nm correspond to 5D0 → 
7FJ transitions of Eu3+ ions in solid matrices, with J = 0, 3 and 5, respectively. As expected, 
the annealing in oxidizing ambient promotes the formation of Eu3+ ions and it is therefore 
unsuitable to provide a strong Eu2+ emission. The shift of about 20 nm between the Eu2+ 
peaks detected in SiOC films annealed in O2 or N2 ambient is due to the well known 
dependence of the wavelength of this emission on the Eu concentration [27]. 

 

Fig. 6. Room temperature PL spectra for Eu-doped SiOC films annealed at 900 °C in N2 (blue 
line), and in O2 ambient (magenta line, multiplied by a factor of 10 in the region 370-550 nm 
and by a factor of 400 in the region 550-750 nm). Eu concentration is 1.5 × 1020 cm−3. The 
inset compares the integrated PL intensity as a function of the annealing temperature of 
undoped and Eu-doped SiOC (for both processes in N2 and O2); the data referring to undoped 
SiOC annealed in N2 are multiplied by a factor of 4 to allow an easier comparison. 

No relevant variation of the wavelength and of the width of the PL peaks of Eu-doped 
SiOC is found by varying the temperature of the annealing process in N2 or in O2; on the 
other hand, the intensity of the PL signals depends on the annealing temperature, as shown in 
the inset of Fig. 6. For Eu-doped SiOC samples treated in N2 (blue closed triangles) a 
monotonic increase of the integrated PL intensity as a function of the annealing temperature is 
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found, while only a weak dependence is observed for processes in O2 (blue closed circles). 
Interestingly, these trends are very similar to those obtained by analyzing undoped SiOC 
samples after the same thermal processes, as shown in the inset of Fig. 6 (red open triangles 
refer to processes in N2, red open circles to processes in O2). The PL intensity values for 
undoped SiOC films treated in N2 are remarkably weaker than those relative to the doped 
samples, so that they have been multiplied by a factor of 4, to make easier the comparison 
with the data relative to the doped films. The overlap between the trends of the PL intensity as 
a function of temperature for undoped and Eu-doped SiOC annealed in N2 is due to the fact 
that Eu2+ ions (which are by far the Eu species giving the main contribution to the PL signal 
of Eu-doped SiOC films) are formed owing to a redox reaction involving Eu3+ ions and Si-C 
bonds (which, as described in Fig. 3, give the main contribution to the PL signal of undoped 
SiOC films annealed in N2). Indeed, by increasing the annealing temperature, the 
concentration of Si-C bonds increases and, as a consequence, the number of emitting Eu2+ 
ions, formed through the redox reaction, becomes higher. A confirmation of the above 
mechanism is given by the behavior of the samples annealed in O2 environment. As 
demonstrated by Figs. 3 and 5, O2 strongly decreases the content of Si-C bonds in the SiOC 
films, leading to a PL emission which is dominated by radiative defects; as a consequence, 
Eu2+ ions formation in Eu-doped films is strongly inhibited, and only a weak PL signal is 
obtained. The inset of Fig. 6 evidences a very steep increase of the PL intensity of Eu-doped 
films by increasing the annealing temperature in N2 ambient. This implies an enhancement of 
the luminescence intensity at 440 nm (in correspondence to the Eu peak emission) in Eu-
doped samples with respect to the undoped ones which accounts for about a factor of 15 for 
an annealing temperature of 900 °C. 

Figure 7 reports the room temperature PLE spectrum of Eu-doped SiOC with an Eu 
concentration of 1.5 × 1020 cm−3 and annealed at 900 °C in N2, obtained by integrating the PL 
spectra measured by exciting in the 260-370 nm wavelength range. 

 

Fig. 7. Comparison of the room temperature PLE spectra of Eu-doped SiOC annealed at 900 
°C in N2 (obtained by integrating the PL spectra measured by exciting with wavelengths in the 
range 260-370 nm) and of an Eu2+ silicate (obtained by integrating the PL spectra measured by 
exciting with wavelengths in the range 260-475 nm). The two spectra are normalized. 

From the comparison with the PLE spectrum of an Eu2+ silicate [16], reported in the same 
figure, it is evident that the PL efficiency of Eu-doped SiOC is strongly enhanced for 
wavelengths ≤ 300 nm; indeed, its PLE curve is characterized a monotonic decrease by 
increasing the excitation wavelength, while the Eu2+ silicate exhibits a maximum at about 350 
nm and it is remarkably less efficient for shorter excitation wavelengths, in agreement with 
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literature data concerning very different Eu2+-containing systems [31–33]. Since, as shown in 
Fig. 4, also the PLE spectrum of undoped SiOC monotonically decreases by increasing the 
excitation wavelength, it is possible to conclude that the SiOC matrix has an active role in the 
optical properties of Eu-doped SiOC. We can reasonably exclude that this role consists in the 
presence of a SiOC emission, since the spectral shape shown in Fig. 6 for an excitation 
wavelength of 325 nm does not appreciably change by changing the excitation wavelength, 
even by using the wavelengths which maximize a possible SiOC emission. We could 
therefore suppose the existence of an energy transfer mechanism, in which the very efficient 
absorption properties of SiOC in the short wavelength region are exploited to transfer the 
excitation energy to the Eu2+ ions, by enhancing their PL efficiency under excitation at short 
wavelength. 

Further information about the nature of Eu2+ emission can be obtained by time-resolved 
PL measurements. Figure 8 shows the time-decay curves of an Eu-doped SiOC sample with 
an Eu concentration of 1.5 × 1020 cm−3 and treated at 900 °C in N2, measured at different 
emission wavelengths lying within the broad PL peak shown in Fig. 6. 

 

Fig. 8. Room temperature PL time-decay curves of Eu-doped SiOC treated in N2 at 900 °C, 
measured at different emission wavelengths. 

All of the curves are not single-exponential. The values of the decay-time τ, obtained by 
taking the time at which the PL signal is 1/e of the value at the laser shut-off, depend on the 
emission wavelength, since τ varies in the range 0.3-0.8 µs. Similarly to the interpretation 
given to the same phenomenon observed in Si nc [34], the dependence of the τ values of the 
Eu PL emission on the detection wavelength could be due to the mutual interactions among 
non-equivalent Eu2+ sites. These sites are characterized by a different local Eu concentration 
and, in agreement with literature [27], the PL peak is redshifted when the concentration is 
higher. Sites characterized by a faster decay lifetime show a radiative emission at shorter 
wavelengths and non-radiative decay channels that quench the PL emission through the 
interaction with sites emitting at longer wavelengths. On the other hand, sites characterized 
by very high Eu concentrations (emitting at longer wavelengths) can hardly transfer their 
energy to other Eu sites and therefore exhibit the longest decay lifetime values. Time resolved 
PL measurements therefore demonstrate that the Eu2+ band peaked at 440 nm shown in Fig. 6 
can be actually considered the convolution of several contributions, corresponding to different 
Eu sites in the SiOC matrix. 
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4. Conclusions 

The intense visible emission of SiOC layers has been studied and its dependence on the 
parameters of the thermal annealing process elucidated. In particular, the presence of two 
different emitting centers, one related to the presence of Si-C bonds, the other associated to 
structural defects, has been evidenced and the experimental conditions leading to the 
prevalence of one contribution with respect to the other have been identified. 

Although the emission of SiOC is bright enough to be considered potentially interesting 
for applications in photonics (as the active medium in Si-based light emitting devices) or in 
lighting technology, this material has been found to be even more promising as a host matrix 
for optically active Eu ions. Indeed, Eu precipitation in SiOC is strongly reduced with respect 
to the more conventional SiO2 matrix (so greatly increasing the fraction of optically active Eu 
ions and therefore the optical efficiency of the system) and Eu3+ ions are efficiently reduced 
to Eu2+, whose very bright visible luminescence is currently attracting a great attention for 
LED fabrication. Accordingly, our data demonstrate that an increase of the luminescence 
intensity at 440 nm accounting for about a factor of 15 can be obtained in Eu-doped films in 
comparison with undoped SiOC. We have also found evidences of the occurrence of an 
energy transfer mechanism between the matrix and the Eu2+ ions which, by increasing the 
efficiency of photon absorption for exciting wavelengths shorter than 300 nm, further 
contribute to increase the optical efficiency of Eu-doped SiOC layers. These properties open 
the way to new promising perspectives for the application of Eu-doped materials in photonics 
and LED fabrication. 
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