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Chapter 1

Rare earths: properties and
applications in Si-based
photonics and lighting

Since their discovery, rare earths (REs) have been used in many fields
for their peculiar optical properties. In particular, depending on their
oxidation state, REs can show different light emission characteristics,
spanning from the sharp emission of trivalent RE ions, characterized
by low intensity and long decay lifetime, to the broader and more in-
tense bands of the divalent ions. Since many RE ions show light emis-
sion in the visible range, they have been widely employed in lighting,
in the fabrication of fluorescent lamps or phosphors converting LEDs.
A more ambitious application of REs could be envisaged in Si pho-
tonics; indeed the doping with REs of Si-based materials represents,
together with Si nanostructures, one of the most promising approaches
for the development of Si-based light sources. Current applications of
RE-doped materials in Si photonics will be reviewed and the future
perspectives discussed.

1
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1.1 Optical properties of rare earth ions

Rare earths (REs), also known as lanthanides or lanthanoids, are the
elements following lanthanum in the periodic table, as shown in figure
1.1.

Figure 1.1: Periodic table of elements.

The electronic configuration of RE ions is [Xe]4fn6s2 (with 1 ≤ n
≤ 14). All REs have a partially filled 4f shell and the same outer-shell
configuration, namely 5s25p66s2. Since the valence electrons are the
same for all the ions, they show very similar reactivity and coordina-
tion behavior; the 4f electrons are not the outermost ones, and they
are shielded from external fields by other electronic shells, i.e. the 5s
and 5p with larger radial extension. The result of this shielding is that,
when a RE ion is introduced into a solid, the crystal field has almost
no effect on the 4f electrons which result only weakly perturbed by the
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charge of the surrounding ligands and so the optical properties of RE
ions, i.e. the absorption and emission specta, are only slightly affected
by the environment [1]. As a consequence, many of the spectroscopic
properties of RE ions in solids can be understood from considerations
on the free ions. Becquerel, the first scientist that studied the optical
properties of RE [2], realized that in many solids the emission lines
of RE ions were as narrow as those commonly observed in the spec-
tra of the free atoms or molecules. A schematic representation of RE
energy level diagrams for the isolated trivalent ions of each of the 13
lanthanides with partially filled 4f orbitals, from Ce (n = 1) to Yb
(n = 13), is shown in figure 1.2, in which the most technologically
important radiative transitions are indicated.

The sharp emission lines of REs are associated with 4fn −→ 4fn

type transitions, which are forbidden for electric dipole radiation by
the parity selection rule. However, they are usually observed in crys-
tals since the interaction of the RE ion with the crystal field or with
the lattice vibrations partially removes the degeneration in the com-
ponent mj of the total angular momentum through the Stark effect
and mixing states of different parity into the 4f states. Although these
mixtures make the transitions observable, their oscillator strength re-
mains relatively low (about 10−6), and their decay time is of the order
of ms.

Although the most common valence state of RE ions in solids is the
trivalent one, some REs, such as Sm, Eu and Yb, also occur as divalent
ions. The different oxidation state involves a change in the electronic
configuration; in particular for divalent RE ions the energy separation
between the 4fn and 4fn−15d configuration is smaller (about 3.7 eV)
than in the case of trivalent ions (6-12 eV), which allows to observe
the 4fn −→ 4fn−15d transitions in the UV-visible spectroscopic range.
The transitions of divalent RE ions are notably different from those of
the trivalent one, showing much broader emission bands. Furthermore
4fn −→ 4fn−15d transitions are parity-allowed, and have intensities up
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Figure 1.2: Energy level diagrams for the isolated trivalent ions of lan-
thanides with partially filled 4f orbitals (a) from Ce to Eu and (b) from
Gd to Yb. The arrows indicate the most technologically important optical
transitions.
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to 104 times stronger than the strongest 4fn −→ 4fn transitions, and a
typical decay time of the order of µs. The energy levels of the 4fn−15d
configuration in a solid are subjected to the simultaneous action of
the crystal field, electron interactions and spin-orbit coupling. As a
result, by changing the RE ion environment a change in the electronic
configuration occurs, due to the less localized nature and stronger
coupling to lattice vibrations of 5d states, which corresponds to a
shift in the position of the emission bands due to 4fn −→ 4fn−15d
transitions.

Their optical properties make the RE ions highly interesting for
many high-tech applications. RE-activated luminescent materials are
widely used for solid-state lasers, fluorescent lamps, flat displays, op-
tical fiber communication systems, and other optical devices. Eu,
for instance, is used as the red phosphor in colour cathode-ray tubes
and liquid-crystal displays. A lot of applications involve electronic
transitions between states within a 4fn configuration of trivalent RE
ions doped into transparent host materials. The popular solid-state
Nd3+:YAG laser, for example, utilizes the 1064 nm electronic transi-
tion from the 4F

3/2
and 4I

11/2
multiplets within the 4f3 configuration

of the Nd3+ ion [3]. Similarly, the Er fluorescence at 1.5 µm is very
important for optical amplification in telecommunications [4–7]. Fur-
thermore divalent RE ions are also used in phosphors in combination
with LEDs to obtain high quality white light sources.

In the following sections two of the main fields of RE applications
are discussed: lighting and photonics.

1.2 RE based materials in lighting

Lighting has been an integral part of human civilization since before
recorded history. Today artificial lighting is a critical issue of modern
life. During the past years until up 2009, (European Union’s Ecode-
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sign Directive 2009/125/EC), the most popular lighting technology
have been incandescent lamps. This technology involves the use of
electricity, to heat a solid that emits broadband blackbody light. For
incandescent lamps, the evolution from electric arc and to carbon-
filament, to metal-filament lamps, can be viewed as an attempt to
increase the intensity of emitted light, by increasing the temperature
of the emitting filament, maintaining an acceptable lifetime. Because
the light emitted from incandescent lamps is broadband, most of it
lies outside the visible spectrum. This corresponds to a loss of en-
ergy, which is dissipated as heat, therefore incandescent lighting is
highly inefficient. This has led to a situation where lighting takes up
to 6.5 % of the total energy usage world-wide [8]. Energy saving is
becoming increasingly important, since easily accessible resources are
becoming scarce and more efficient lighting products have to be devel-
oped [9]. In this context, during the last decades, light sources with
high efficiency and low price, such as fluorescent lamps and LEDs (see
figure 1.3), have been produced in order to satisfy the increment of
light demand without increasing the energy consumption, as such as
fluorescent lamps.

As shown in figure 1.3, a primary attribute of a lighting source is
its luminous efficacy measured in (lm/W), which is the efficiency of
the conversion from electrical power to optical power, combined with
the efficiency of the conversion from optical power to the luminous
flux (lm) sensed by the human eye within its spectral responsivity
range. The past-two-decades evolution of luminous efficacy of various
lighting sources is illustrated in figure 1.3. Nevertheless, for a light
source luminous efficacy is not the only parameter to be considered.
In fact, for lighting commercial purposes, one of the most important
parameter is the spectral power distribution of a light source with
respect to its quality perceived by humans. Therefore, characterization
of light sources with respect to standard light parameters is of great
importance for lighting market and applications. The International
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Figure 1.3: Changes in luminous efficacy of white LEDs, with examples of
practical applications and commercialization predictions up to 2010. Pre-
diction of costs per LED unit are also reported [10].

Commission on Illumination has defined some parameters, based on an
averaged human visual perception, to establish the quality of perceived
light. The first property of visible light is colour. To define colours
emitted from a light source, one of the most important tool is the 1931
Commission Internationale D’Eclairage (CIE) chromaticity diagram
[10], shown in figure 1.4. In this diagram the coordinates (x,y) are used
to specify the color of a light source independently of the luminous
intensity. In figure 1.4 a particular set of coordinates, labeled with
black points, are shown. These points define the Planckian locus,
which is the set of points in the CIE chromaticity diagram associated
to the light emitted from a blackbody radiator at given temperatures
(in figure 1.4, the blackbody radiator temperatures range reported is
2500-6500 K).

From the CIE coordinates it is also possible to calculate the cor-
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Figure 1.4: Chromaticity diagram, showing also the Planckian locus in
the temperature range 2500-6500 K.

related color temperature (CCT) of the emission. To establish the
CCT of a given light source, which is not a blackbody radiator, the
straight isothermal lines perpendicular to the Planckian locus in the
CIE diagram have to be considered. The typical CCT sought for light-
ing applications is along the arc from 3000 to 6000 K, while an ideal
white light source has coordinates (0.33, 0.33).

Another important parameter in the classification of light sources
is the color rendering index (CRI), which is defined as the ability of a
light source to accurately render all frequencies of its color spectrum
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when compared to a perfect reference light of a similar type (with
the same color temperature). CRI is rated on a scale ranging from
1 to 100: the lower the CRI rating, the less accurately colors will be
reproduced. Light sources that are incandescent radiators have a CRI
of 100, since all colors in their spectrum are equally rendered, while a
monochromatic, low-pressure sodium vapor lamp has a CRI of nearly
zero.

The parameters described above are useful to classify the different
sources used in lighting. Among the different visible light sources, an
increasingly important role is played by light-emitting diodes (LEDs).
A LED emits light by applying a forward-bias current into the p-n
junction of a semiconductor diode. LEDs available on the market
today are manufactured using III-V semiconductor materials such as
GaAlAs, AlInGaP, InGaN and AlInGaN [11]. Owing to recent tech-
nological advances, the function of LEDs has shifted from display to
lighting; indeed they have the same lighting properties of conventional
incandescent bulb and fluorescent lamps, but they offer many advan-
tages, such as high-level safety, low-voltage drive and long life, coupled
with a compact and lightweight packaging.

Another very popular approach in lighting exploits the lumines-
cence properties of phosphors (figure 1.5). The word phosphor, exten-
sively used to describe luminescent materials, comes from the Greek
language and means “light bearer”; barium sulfide is one of the earlier
known naturally occurring phosphors [12].

These materials exploit the emission properties of the activators,
light emitting impurities which very often are RE ions. Among the
RE ions used for this purpose, Ce3+ and divalent ions, such as Eu2+,
introduced in a solid matrix show many advantages: (i) these ions
emit visible light when they undergo d −→ f rather than f −→ f elec-
tronic transitions, (ii) the emissions arising from d −→ f electronic
transitions are generally more intense than those originating from f
−→ f transitions, (iii) the emissions arising from d −→ f electronic
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Figure 1.5: Phosphor powders under UV radiation.

transitions are broader than those originating from f −→ f transitions,
and (iv) the emission due to d −→ f electronic transitions is more
wavelength tunable than that originating from f −→ f transitions be-
cause d orbitals are more sensitive to chemical environment than the
f orbitals. Therefore emission wavelength tunability can be achieved
by altering the crystal field splitting of the d orbitals of the activator
ion, by changing the host lattice or the activator concentration.

An example of phosphor applications is the fabrication of typi-
cal “cool white” fluorescent lamps; as shown in figure 1.6a, two RE-
doped phosphors, LaPO4:Tb3+, Ce3+ for green and blue emission and
Y2O3:Eu3+ for red, have been used to coat the internal walls of a flu-
orescent lamp. Following a charge discard, the excited gas (mercury)
present inside the lamp bulb emits UV radiation which is absorbed
by the phosphors. After this excitation, RE-doped phosphors emit
their typical radiation. The combination of the emissions from the
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phosphors gives the spectrum shown in figure 1.6b.
The introduction of fluorescent tubes has decreased the energy de-

mand for lighting. However, the narrow optical atomic transition lines
emitted by this type of sources results in a reduced light quality with
regards to color rendering. A standard “cool white” fluorescent lamp
has a CRI of about 63, while newer tri-phosphor fluorescent lamps of-
ten claim a CRI of 80-90. Furthermore, the relatively large and fragile
glass tubes containing mercury pose limitations to applicability as well
as environmental problems.

Since 1997, UV and blue LEDs have been also used to excite phos-
phors [13–15]. Today a full range of colored phosphor converting LEDs
(pcLEDs), which combine the LEDs advantages with the ones of phos-
phors, is available (figure 1.7) and it is employed in many day-life col-
ored applications, including also displays, displacing more traditional
lighting methods.

Recently many efforts have been also devoted to the research on
white light emitting pcLEDs. To fabricate a white source a wide emis-
sion spectrum is needed, which can be obtained by combination of
color conversion phosphors and LEDs or multicolor LEDs. The choice
between the different approaches largely depends on the application.
In particular, four main different strategies have been used in the lit-
erature, which are classified along with an assessment of their relative
CRI vs. luminous efficacy attributes:

i. Combination of red, green and blue LEDs (figure 1.8a). The
drawbacks of this approach arise from different aging of the single
LEDs and poor CRI due to the narrow emission range of these
LEDs. On the other hand, the luminous efficacy is relatively
high, because light comes directly from LEDs, with the absence
of any color phosphors which can lead to energy loss during the
conversion step.

ii. A pcLED consisting of a blue LED and two color conversion
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Figure 1.6: (a) Schematic representation of a typical fluorescent lamp. (b)
Emission spectrum of a cool white fluorescent lamp utilizing two RE-doped
phosphors. Note that several peaks are directly generated from the mercury
arc.
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Figure 1.7: Different colour LEDs.

phosphors, emitting in the green and red regions of the visible
spectrum, as schematically shown in figure 1.8b. This approach
uses only a single LED, so overcoming the problem of the differ-
ent aging of the LEDs. Furthermore, the green and red emitting
phosphors can have broad emission wavelength ranges, so the
CRI is around 80-90, i.e. higher than for the approach (i). How-
ever due to the conversion process of the blue LED emission into
green and red due to the phosphors, the overall luminous efficacy
of the pcLED is lower than case (i).

iii. A pcLED consisting of a blue LED and a single color conversion
phosphor, which emits in the yellow-orange region, as schemati-
cally shown in figure 1.8c. This approach uses only a single phos-
phor, so its emission needs to cover a broad wavelength range in
the orange-yellow region in order to achieve a sufficiently high
CRI. Nevertheless, there are wavelength regions in the red and
between the LED and phosphor emissions where there is little or
no light output, so a maximum CRI around 80 is achievable for a
pcLED with a single phosphor. Although the CRI is lower than
that obtained in case (ii), the luminous efficacy can be higher
because the losses due to conversion process are lower than in
case (ii), where a large energy loss in converting blue light into
red occurs. Consequently, pcLEDs with a single phosphor do
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not have sufficiently high CRIs to replace incandescent bulbs or
fluorescent lamps for generic white light applications, but they
are used instead for niche applications, e.g. for car headlamps.

iv. A pcLED consisting of an UV LED and three phosphors emitting
in the blue, green and red regions (figure 1.8d). This approach
can achieve a higher CRI (> 90) than approaches (i)-(iii), be-
cause the blue, green and red phosphor emissions can cover the
whole visible region. However, there is a trade-off with luminous
efficacy, which is lower than for the approaches (i)-(iii) because
of the high energy loss in converting UV radiation into visible
light.

Figure 1.8: Scheme of the different approaches used to produce white light:
(a) combination of red, green and blue LEDs, (b) pcLED, consisting of a
blue LED and two color conversion phosphors, (c) pcLED, consisting of a
blue LED and a single color (yellow-orange) conversion phosphor and (d)
pcLED consisting of an UV LED and three color conversion phosphors.

From the analysis of the different approaches, it is evident that
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the ideal solution could be represented by the availability of a single
solid-state LED which can cover the whole visible region. In this con-
text, the development of RE-doped LEDs could represent a significant
improvement but, in spite of the promising emission properties eluci-
dated in section 1.1, the interest around REs still seems to be mainly
confined to the field of phosphors.

1.3 Si photonics

It is well known that Si is the leading material in microelectronic
technology; its wide diffusion is due to its abundance in nature, its low
cost and its electrical, thermal and mechanical stability. Moreover, its
oxide (SiO2) is a very good insulator, which can well passivate surfaces
and acts as an effective diffusion barrier.

One of the main fields where microelectronics is applied is the in-
formation technology. During these last years the aim of computer
industry has been to fabricate increasingly performing microproces-
sors. This trend is depicted in the famous plots known as Moore’s law,
shown in figure 1.9, which has been able, until now, to predict future
processor transistor density, and thus performance of computers ex-
pressed in million instructions per second (MIPS). This plot was born
in 1965, just four years after the first planar integrated circuit, when
Gordon E. Moore from Intel observed that the number of transistors
that could be manufactured on a chip doubled every 18 months. To-
day, thanks to the technology development, it is possible to integrate
a huge number of devices on a single microprocessor, which is able to
perform the same number of instructions per second of a mouse brain.
If processor development will continue with this rate, in the next 50
years a single processor will be able to perform a number of instruction
per second comparable with the ones performed by all human brains
together (figure 1.9)
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Figure 1.9: Moore’s law describing the growth of integrated circuits and
their performance (in MIPS), compared with the ones of some life species’
brains.

To follow this trend and improve computational capacities, a more
compact and performing computer technology is needed; as a conse-
quence, much longer electrical connections are required in order to let
all the components talk each other, and at larger scale to link different
microprocessors integrated in the same circuit board. Today the total
length of metallic interconnections in a microprocessor is more than 10
km and therefore many levels of metals are required. This dramatic
increase of the total length of metallic connections leads to electro-
magnetic interferences causing power dissipation. This phenomenon
is known as “interconnection bottleneck” and constitutes the most
important limitation for further developments of microelectronics.
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A possible solution to this problem is to move the technology from
microelectronics to microphotonics, by replacing the electrical inter-
connections with optical ones for linking chip-to-chip and board-to-
board [16]. Photons, in fact, do not suffer the same problems of metal-
lic connections, having the possibility to travel at the light speed in
the medium they pass through. A possible example of photonic device
is the one proposed by IBM Research, shown in figure 1.10 [17]. This
technology is capable of integrating a photodetector (red feature on
the left side of the cube) and a modulator (blue feature on the right
side of the cube) fabricated side-by-side with Si transistors (red sparks
on the far right of the cube). Si photonic circuits and Si transistors
are interconnected by nine levels of metal wires (shown in yellow).

Figure 1.10: Cross-sectional view of an IBM Si photonic chip combining
optical and electrical circuits [17].

Similarly to microelectronics, Si has all the characteristics to be
used as the main material even in photonics. Indeed its high refractive
index (n = 3.5) makes it a good medium through which light can be
guided and transmitted: several low loss waveguides based on Si have
been developed, using different approaches [18–20]. Moreover, Si based
detectors, able to convert a light signal into an electrical one, have been
realized [21–24]. Even if the fabrication of photonic passive devices,
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including waveguides, detectors, etc., is well developed, a necessary
step forward to apply Si in microphotonics, is certainly the realization
of active devices, and in particular of light sources. A light source
is a fundamental component in microphotonics because it can act as
a generator of light-dark signals that can be associated to the logic
value 1-0, giving the possibility to maintain the same logic of actual
microprocessors.

In this context, despite its relevant properties, the main limit for
Si applications in photonics is Si itself: indeed Si is a bad emitter and
the fabrication of a Si-based light source is a hard task. The reason
lies in its band diagram: Si in fact has an indirect band gap of 1.1. eV
[25]. This means that the highest level in the valence band (Γ point)
and the lowest level in the conduction band (X point) correspond to
different k vectors, as shown in figure 1.11. As a consequence an
electron-hole (e-h) radiative recombination requires some additional
momentum, which can be given for instance by a phonon.

Therefore, the radiative recombination is a three-particle process,
involving the e-h pair, a photon and a phonon (either absorbed or
emitted): though it is not forbidden, it has a low probability. In fact,
this process is characterized by a lifetime of more than 10 ms above
20 K [26, 27], which is much more longer than the typical lifetime of
III-V semiconductors with direct band gap (100 ns). Consequently,
Si shows a very low (10−6-10−7) quantum efficiency, which is several
orders of magnitude lower than that of III-V semiconductors.

It is therefore necessary to find efficient strategies in order to realize
efficient light emitting devices compatible with Si-based technology.

1.3.1 Si nanostructures as visible light sources

As discussed in the previous section, to fabricate a Si-based light source
we have to solve the problem of light emission from bulk Si.

A first approach to overcome this limitation of Si is based on the
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Figure 1.11: Band structure of Si. The indirect band gap is clearly visible.

synthesis of low dimensional systems. Electronic and optical prop-
erties of low dimensional systems deviate substantially from those of
bulk materials. Indeed, once a semiconductor structure is reduced to
nanometric size (1-10 nm), the electron and the hole become spatially
confined; as a consequence their wavefunctions from a Block type,
become confined and overlapped. In this situation, due to the bound-
ary conditions, only certain wavefunctions, with precise wavelengths,
can be supported by the material. Therefore the energies of the con-
fined particles become quantized; this picture can be described by the
model of a particle in a box. In this model the solution of the prob-
lem provides a mathematical connection between energy states and
the dimension of space: decreasing the volume or the dimensions of
the available space, the energy of the states increases, as schematically
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shown in figure 1.12.

Figure 1.12: Schematic representation of energy gap of bulk Si and nanos-
tructured Si systems as function of their size.

Another effect of quantum confinement is the increment of the
probability of optical transitions. Indeed, due to the reduced size,
the translational symmetry of the system is no more satisfied and, as
a consequence, the crystal momentum is no more a good quantum
number. This allows that no-phonon direct band to band transitions
become more probable [28]. Furthermore, quantum confinement influ-
ences also the density of states (DOS): going from three-dimensional
to zero-dimensional systems, DOS tends to resemble the Diracâ€™s
delta function, producing an increase in the probability of a photon
to be emitted in an exciton recombination process.
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Due to the peculiar properties of the quantum confined systems,
Si nanostructures represent a promising approach for the fabrication
of light emitting devices. Some of the most studied nanostructured
systems are discussed below (figure 1.13):

Figure 1.13: Schematic representation of some low-dimensional Si struc-
tures: (a) porous Si, (b) Si nanoclusters and (c) Si nanowires.

• Porous Si (figure 1.13a) has been studied since 1990. This sys-
tem exhibits an intense room temperature photoluminescence
(PL) emission in the visible range [29, 30], which allows LED
fabrication. However porous Si has a series of disadvantages: a
poor optical and mechanical stability and the difficulty of in-
tegration with Si processing technology because electrochemical
etching is needed for its production.

• More recently, since the observation of optical gain [31], Si nanocrys-
tals (Si nc) embedded in a SiO2 matrix have attracted a strong
interest in photonics (figures 1.13b and 1.14). The strong visible
light emission of Si nc at room temperature and in particular its
dependence on the nc size [32] and the mechanisms leading to
photon emission are still the object of an intense scientific debate
[33, 34].
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Figure 1.14: High resolution transmission electron microscopy image of a
single Si nc embedded in SiO2 (evidenced by a red circle in the figure) [35].

Typical PL spectra of Si nc embedded in SiO2 are shown in figure
1.15a [36]. It is possible to observe a shift of the emission peak
to higher wavelengths by increasing the Si nc size, in agreement
with the quantum confinement theory. The structural features
of Si nc embedded in a SiO2 matrix allows also the electrical
excitation of the system and Si nc-based LEDs have been realized
[37]. An example of device is reported in figure 1.15b, where
an emission microscopy (EmMi) image of an electroluminescent
device based on Si-nc is shown. The EmMi image is in false
colors, which are proportional to the intensity of the emitted
light.

• Another recent approach to realize luminescent Si nanostruc-
tures is the fabrication of Si nanowires (Si nw), shown in
figures 1.13c and 1.16a. There are several fabrication methods
to obtain Si nw, mainly based on two different approaches: top-
down, in which Si nw are obtained onto the material through
the combination of different technological processes (lithogra-
phy, etching, etc.), and bottom-up, which consists in assem-
bling chemically synthesized and well-defined nanoscale building
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Figure 1.15: (a) Normalized room temperature PL spectra of Si nc with
different sizes. (b) EmMi image of a device containing Si-nc. Red area
corresponds to the region emitting at the highest intensity [37].

blocks. By controlling the synthesis parameters it is possible to
control the dimension of the single Si nw, and the PL emission
wavelength. In figure 1.16b the PL spectra of Si nw with differ-
ent sizes are shown; figure 1.16c displays a photograph of the PL
emission coming from a Si nw sample with a very high external
quantum efficiency of 0.5% [38].

1.3.2 RE-doped Si-based materials for visible light

emission

Although Si nanostructures themselves exhibit a tunable emission
through the control of their size, it is difficult to obtain a precise con-
trol over the emission energy throughout the visible spectrum. One
reason is that nc or nw surface states and defects limit the tunabil-
ity range of these systems. Furthermore, since light emission from
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Figure 1.16: (a) Cross sectional scanning electron microscopy image of
Si nw [39]. (b) PL spectra of Si-nw samples having different sizes. (c)
Photograph of a Si nw sample showing a bright PL emission visible by the
naked eye [38].

these materials strongly depends on composition and processing pa-
rameters, slight variations in the processing can lead to changes in the
emission spectra. On the other hand, an alternative method to obtain
specific and controlled emission energy is through the incorporation
of RE dopants into Si-based materials. For obvious technological rea-
sons, Si and Si oxides have been considered of particular interest and
importance as host matrix for RE ions.

As discussed in section 1.2, the use of RE dopants to achieve
specific color emissions for lighting has been previously applied in
phosphor-based systems. For RE-doped Si-based materials much of
the present work involves efforts to characterize the structural and op-
tical properties of thin films, in order to optimize their performances.
Among the various REs, Er has attracted a particular attention be-
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cause of the coincidence between its intra-4f transition at 1.535 µm
and the transparency window used for telecommunications [40]. How-
ever, the most critical application of REs is the fabrication of light
sources; to this end, the demand to realize full-color light emission
from Si-based materials extended technology interests to many other
RE elements [41, 42]. For example, electroluminescence (EL) emission
has been reported for Tb-implanted SiO2 layers [43–45], with a power
efficiency of 0.3% [46]. Sun and co-workers have observed strong EL
from Gd-implanted SiO2 [47], and Prucnal et al. have realized an Eu-
doped LED fabricated through ion implantation of Eu into SiO2 [48].
The authors have observed that this device exhibits both blue and red
emissions (due to the presence of Eu2+ and Eu3+) with the ability to
switch between emissions from the two ions by varying the excitation
current (figure 1.17).

Figure 1.17: Typical EL spectrum of an Eu-implanted LED [49].

Furthermore there are reports about the EL from Ce- [50, 51],
Eu- [52, 53], Gd- [54–61], Tb- [45, 62, 63], Tm- [50, 64, 65] and Yb-
implanted SiO2 layers [66–68]. The use of RE in Si-based material
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is a very active research field; figure 1.18 gives a sketch of what is
technically feasible with RE-doped Si-based materials.

Figure 1.18: Light emitting RE-implanted MOS structures with differ-
ent layouts. The blue, green and reddish structures in the upper part of the
figure originate from Ge-, Tb- and Gd-implanted LEDs. The lower row dis-
plays Eu-implanted LEDs, with different Eu concentrations processed under
different annealing conditions [49].

Despite the very interesting optical properties of RE-doped Si-
based materials, one of the main limits to be overcome in order to
achieve efficient emission is the low solubility of optically active RE
ions. Indeed the solubility of RE ions in various Si materials is gen-
erally low due to the mismatch of ionic radii and the strong covalent
bonding of the matrix network. Above a critical concentration, RE
ions tend to form precipitates, which results in severe luminescence
quenching through ion-ion interaction or by forming an optically inac-
tive phase [41]. A possible solution to obtain high RE concentrations
in Si-based materials is to synthesize RE compounds. For example,
Eu silicates represent an attractive option to incorporate high Eu con-
centrations in order to achieve bright luminescence. Although the for-
mation of pure Eu silicates requires annealing at temperatures higher
than 1400 °C, mixed phase structures have been obtained by reactive
sputtering of Si and EuSi2 in Ar or Ar/O2 atmospheres followed by
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annealing at 900-1000 °C [69, 70]. A schematic of the ITO/EuSiO/Si
EL device structure realized is shown in figure 1.19a, where the upper
contact is made by a transparent conductive indium/tin oxide (ITO)
layer. The EL spectrum, obtained by applying 30 V of bias voltage,
shows broad spectral structure ranging from 400 to 800 nm and ap-
pears to the naked eye as white light (see figure 1.19b). The authors
assigned this broad spectrum to the 4f65d2 −→ 4f7 transition of diva-
lent Eu ions.

Figure 1.19: (a) A scheme of the Eu silicate EL device structure. The
luminescent Eu silicate layer and the ITO transparent layer are about 2 µm
and 100 nm thick, respectively. (b) A photograph of the uniform white light
emission from the device [70].

Despite the above described results, application in photonics of
RE-based materials still presents some unsolved problems: (i) Si-based
materials are not an ideal host matrix, due to the low solid solubility
of RE ions; (ii) RE silicates are basically insulating materials; (iii)
synthesis processes of RE-doped Si-based materials fully compatible
with Si technology have to be developed for future scaling in photonics.
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1.4 Contents of this thesis

Aim of this thesis is to study novel approaches to fabricate Si-based
materials which exhibit efficient and controlled emission of light in the
visible range, for application in lighting and Si photonics, allowing to
overcome some of the current limits described above.
In Chapter 2 the structural and optical properties of SiOC thin films
will be discussed. SiOC is a material fully compatible with Si tech-
nology, which exhibits a very broad and intense room temperature
luminescence band, spanning almost all the visible range from 400 to
600 nm. It will be shown that the PL emission is ascribed to different
emitting centers whose efficiency depends on the annealing tempera-
ture and ambient. The results suggest to consider SiOC a promising
material for applications in Si photonics and in solid-state lightning.

A different approach to obtain Si compatible materials emitting
light in the visible range will be proposed in Chapter 3, in which
the structural and optical properties of Eu-doped SiO2 and SiOC thin
films will be shown. Performances of SiO2 and SiOC layers as host
matrices for optically active Eu ions will be compared. SiO2 allows to
observe room temperature light emission from both Eu2+ and Eu3+

ions, but in this matrix PL efficiency of both ions remains relatively
low and quite far from the requirements for technological applications,
mainly due to the extensive formation of Eu-containing precipitates.
It will demonstrated that in a SiOC matrix Eu ions are characterized
by a higher solubility than SiO2. Furthermore, when incorporated in
a SiOC matrix, Eu3+ ions are efficiently reduced to Eu2+, producing a
very strong room temperature PL emission peaked at about 440 nm,
which is a wavelength of interest for blue LEDs fabrication. An en-
ergy transfer mechanism between SiOC matrix and Eu2+ ions, which
increases the efficiency of photon absorption for excitation wavelengths
shorter than 300 nm, will be demonstrated. Finally, bilayers consisting
of two SiOC films doped with different Eu concentrations will be stud-
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ied. With a proper choice of the annealing condition, these bilayers
show an intense white emission at room temperature, characterized by
high CRI values. These findings constitute a relevant progress towards
the realization of efficient white light sources, which can be of great in-
terest for applications in solid-state lighting. Furthermore, since SiOC
is a material fully compatible with standard Si technology, Eu-doped
SiOC layers can also be considered a highly interesting candidate for
photonic applications.

Finally, in Chapter 4 it will be shown how it is possible to over-
come the limit of the low Eu solid solubility and therefore to incorpo-
rate a very large amount of Eu ions in Si-based materials, through the
synthesis of Eu silicates. These materials have been studied in detail,
by performing structural and optical characterization. Main results
include the demonstration that divalent Eu silicates can be obtained
with a process compatible with Si technology, starting from an Eu2O3

thin film deposited on a Si substrate. Eu silicates show an intense PL
emission peaked at 590 nm, with an external quantum efficiency of
about 10%, suggesting that this material can be a good candidate for
photonic and lighting applications.





Chapter 2

Silicon oxycarbide (SiOC):
an emitting material in the
visible region

In this chapter a deep investigation of the chemical and optical proper-
ties of SiOC thin films synthetized by RF magnetron sputtering will be
presented. SiOC exhibits a very broad and intense room temperature
luminescence band spanning almost all the visible range from 400 to
600 nm. Optical analysis, as a function of the annealing temperature
and ambient, allowed us to ascribe this broad emission to two lumines-
cent centers emitting at 400 and 510 nm. The first one at 400 nm has
been assigned to defects centers, and in particular vacancies, formed
during an annealing process in O2, while the second emission at 510
nm has been related to the presence of Si-C bonds, which are stabilized
after thermal treatments. These results indicate that with a proper con-
trol of the thermal annealing conditions, it is possible to continuously
tune the PL emission of SiOC from 400 to 500 nm. Finally it has been
demonstrated that the film refractive index variations as a function of
the annealing process are in agreement with the PL emission charac-

31
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teristics of SiOC. Furthermore, refractive index measurements allow
to gain information on the chemistry of the SiOC films after thermal
treatments. On the basis of its chemical and optical properties, SiOC
can be considered a potential material for applications in Si-photonics
and in solid state lightning.

2.1 Introduction

As previously discussed in Chapter 1, the synthesis of Si nanocrystals
(nc) embedded in a SiO2 film is one of the most promising approaches
for the development of Si-based light-emitting devices operating in the
visible region [31]. Indeed, this material is compatible with the stan-
dard Si technology and is characterized by a high photoluminescence
(PL) and electroluminescence (EL) efficiency at room temperature
[71, 72]. The size-dependent emission of Si nc in SiO2 is usually lo-
cated in the red-near IR spectral region (∼ 1.4-1.8 eV) even for the
smallest nc sizes [72]. Therefore systems emitting at higher energies
require alternative approaches or different materials.

Si oxycarbide (SiOC) has been widely studied in the last years
because it could provide a suitable heat-resistant material for high-
energy luminescence as well as white light applications. SiOC is a
generic formula used to denote a chemical structure in which Si is
simultaneously bonded with C and O and in which the O/C atomic
ratio can be varied within a wide range. The incorporation of C in
SiO2 implies the replacing of some O atoms, which are only twofold
coordinated, with C atoms, which can be fourfold coordinated. This
increased bonding per anion is expected to strengthen the molecular
structure of the glass network and thereby to improve its thermal and
mechanical properties. Indeed SiOC is studied due to applicability in
Si microelectronic devices as low-k dielectric, etch-stop and passivation
layers [73].



33 Chapter 2: Silicon oxycarbide (SiOC)

In terms of optical properties SiOC shows broad PL emission bands,
that cover the entire visible range from 350 to 800 nm. As a conse-
quence, SiOC seems to be one of the promising candidates for white
light device fabrication. The origin of PL emission from SiOC films
is not clear; generally it consists of multiple contributions, which
have been attributed to different centers, including Si-C bonds in C-
containing Si (or SiC) nanoclusters [74, 75], C- and Si-related O defects
[76], defects at the SiC/SiO2 interface [77], neutral O vacancies [78].
Furthermore a strong dependence of SiOC PL emission on the growth
conditions was observed. Indeed there are several techniques to syn-
thesize light emitting SiOC layers: mainly C implantation in SiO2

[79–81], chemical vapor deposition (CVD) [74], rf magnetron sput-
ter deposition [82], sol-gel technique [83] and successive carboniza-
tion/oxidation treatment of porous Si [84].

Two PL bands at 410 nm (violet band) and 470 nm (blue band)
were observed by Zhuge et al. [85] in SiOC films. The Si- and C-
codoped SiO2 films were prepared by dual ion beam sputtering. The
authors observed that the intensity of the two PL bands is strongly
dependent on the annealing temperature. When the annealing tem-
perature is above 800 °C, Si reacts with C atoms to form Si-C bonds,
changing the stoichiometry of the matrix and producing O defects. In-
deed they ascribed the 470 nm PL band to the neutral oxygen vacancy
(O3 ≡ Si-Si ≡ O3). To explain the origin of the 410 nm PL band two
possibilities have been put forward by the authors: C clusters, whose
existence remains without clear evidences and the defects in a region
where Si-C bonds are formed. CVD is another technique widely used
to synthesize SiOC films. Seo et al. [74] realized C-doped Si-rich Si ox-
ide (SRSO:C) films using a high-vacuum electron cyclotron resonance
plasma enhanced CVD system. Figure 2.1 shows the evidence of an
intense and broad luminescence from SRSO:C due to presence of high
C concentration. The authors observed that the emission intensity de-
pends on the excess Si and C concentration and annealing conditions.
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When the C/Si atomic ratio is 0.9, the PL intensity from SRSO:C film
has a maximum and it is more intense than the one observed from a
C-free SRSO, probably due to the formation of Si-C bonds which emit
at around 2.3 eV (540 nm).

Figure 2.1: PL spectra of SRSO:C film with Si content of 39% and dif-
ferent C/Si atomic ratio. The inset is a camera image of the PL observed
in the film with C/Siex = 0.9 [74].

Gallis et al. [76] realized SiOC film by high temperature CVD.
They observed an intense broad emission band with a maximum at
around 440 nm, visible to the naked eye under bright room conditions
(figure 2.2). A dependence of PL intensity on the annealing conditions
was found. This PL behavior was correlated with the presence of C-
related O defect centers, demonstrating that these defects may play
an important role in white light emission.

Rodriguez et al. [75] provided a detailed microstructural and opti-
cal analysis of SiO2 layers sequentially implanted with Si and C and
then annealed. These analyses allowed them to characterize the dif-
ferent bands arising in the PL spectra, which are responsible for the
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intense white emission observed at high implanted doses (for Si atomic
excesses higher than 10%). These bands have been assigned to the
emission from Si-nc and C-containing amorphous nanoparticles. At
lower implanted doses the PL spectra show only one band, in addi-
tion to the well-known red one related to the Si-nc. The authors also
observed that C implantation strongly affects the growth kinetics of
Si-nc; indeed, from the transmission electron microscopy (TEM) im-
age reported in figure 2.3 it is clear that the presence of C inhibits
Si-nc formation in the region of the C-implanted profile (region 2).

Figure 2.2: Room temperature PL spectra of a SiC0.32O1.56 film as de-
posited and annealed in O2 at 500 °C. The inset is a camera photo of the
PL observed in the annealed sample [76].

SiOC was also fabricated by carbonization of porous Si in acety-
lene flow followed by wet oxidation. In samples grown with this tech-
nique, Ishikawa et al. [84] observed a PL emission in the 400-700 nm
range. They have shown that PL color, in the range of blue-white
and yellow-white, can be controlled by selecting the porosity of the
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starting porous Si as well as the carbonization and oxidation temper-
atures. Low-temperature oxidation resulted in bluish light emission
in lower porosity series, while high-temperature oxidation promoted
yellow-white light emission. The maximum PL intensity was observed
after oxidation at 800 °C. It was shown that white PL from SiOC
has blue and yellow-white PL bands originating from different light-
emitting centers. The origin of blue PL is attributed to defects in
SiO2. Some trap levels at the interface between C clusters and SiO2

are suggested to be the origin of the yellow-white light.

Figure 2.3: Cross section TEM image of a 30 Si at.%, Si+C implanted
and annealed SiO2 sample. The image shows the presence of a buried layer
with darker contrast and free of crystalline precipitates (region 2), which
corresponds to the maximum of the C-implanted profile. Si nc are observed
in regions 1 and 3. Region 4 corresponds to the SiO2 layer without precipi-
tates. The inset shows a high-resolution TEM image of a Si nc from region
1 [75].

From the point of view of applications, the observed blue-white
emission of SiOC is usually strong enough to be seen by the naked eye
under bright room conditions. Gebel et al. [86] also obtained some
positive results for the electrical excitation of SiOC films. Further-
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more, as will be discussed in detail in Chapter 3, SiOC can be also an
interesting host material for rare-earth ions, including Er [87] and Eu
[88].

All these features make SiOC a very promising material to fabricate
visible light emitting sources. However some open points concerning
the nature of SiOC PL emission need further investigations to improve
PL emission intensity and color control, which are very important
parameters for the fabrication of light emitting devices based on SiOC.

2.2 Growth and characterization of SiOC

thin films

All the thin films studied in this thesis have been synthesized by using
rf magnetron sputtering, which is a technique fully compatible with Si
technology and it is widely used in microelectronic industry. The sys-
tem is shown in figure 2.4a; it mainly consists of an ultra-high vacuum
(UHV) chamber with a base pressure of about 10−9 mbar, a load-lock,
with an independent pumping group, for sample loading, and three
4-inches diameter, water-cooled targets, located at the bottom of the
chamber and arranged in a confocal geometry (figure 2.4b). SiOC
thin films have been deposited on 5-inches diameter Si wafers in an
Ar atmosphere at 5·10−3 mbar by co-sputtering SiO2 and SiC targets;
substrates were heated at 400 °C and held in rotation at 50 rpm to
guarantee a good film uniformity. The rf power applied to SiO2 and
SiC targets (figure 2.4c) was 500 and 100 W, respectively.

After deposition the films have been thermally treated at temper-
atures ranging from 600 to 900 °C for 1 h in O2 or N2 atmosphere by
using a conventional horizontal furnace.

The SiOC films obtained have a thickness of about 190 nm, as mea-
sured by both ellipsometry and cross sectional TEM. The refractive
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Figure 2.4: Pictures of the rf-magnetron sputtering system used for SiOC
thin film growth: (a) a general view of the apparatus and (b) the three
targets located at the bottom of.the chamber. (c) Schematic representation
of SiOC thin films deposition through the rf cosputtering of SiC and SiO2

targets.
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index of SiOC samples was measured using an ellipsometer equipped
with a He-Ne laser operating at 632.8 nm. The C content of the film is
about 5 at.%, as obtained by Rutherford backscattering spectrometry
(RBS) measurements, performed by using a 2 MeV He+ beam in ran-
dom configuration, with the detector placed at an angle of 165◦ with
respect to the incident beam.

Photoluminescence (PL) measurements have been performed at
room temperature 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 modulator at a frequency of 55 Hz. As shown
in the experimental set-up sketched in figure 2.5, the laser beam is
driven and focused on the sample thanks to mirrors and lens systems.
The PL signal emitted from the sample is collected and analyzed by a
single grating monochromator and detected with a Hamamatsu visi-
ble photomultiplier. Spectra have been recorded by a lock-in amplifier
using the acousto-optic modulator frequency as a reference.

PL lifetime measurements have been performed by monitoring
the decay of the luminescence signal at fixed wavelengths. The pulsed
excitation source has been fixed at 300 nm, provided by the sec-
ond harmonic from a Spectra Physics 3500 dye laser, pumped with
a Nd3+:YAG laser. The system have a temporal resolution of 80 ps.

Photoluminescence excitation (PLE) measurements in the 250-475
nm range were performed by using a FluoroMax spectrofluorometer
by Horiba, which use a Xe lamp, coupled with a monochromator, as
excitation source. The system allows to measure the emission spec-
tra at different excitation wavelengths. PLE spectra can be obtained
by considering the PL intensity at a fixed emission wavelength or the
integrated PL intensity in a fixed wavelength range. All the spectra
have been measured at room temperature and corrected for the system
spectral response.
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Figure 2.5: Scheme of PL set-up used: the laser beam from a He-Cd laser
is focused on the sample with a lens. The beam is pulsed at a frequency of 55
Hz by an acousto-optic modulator. The emitted PL signal is collected and
focused on a single grating monochromator and detected with a Hamamatsu
visible photomultiplier.
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2.3 Visible PL from SiOC thin films

The SiOC films deposited by sputtering have been thermally treated to
optimize the stoichiometry and remove eventual defects which could
act as non-radiative de-excitation centers and limit the efficiency of
the optical emission. We have investigated the influence of annealing
temperature and ambient on the PL properties of SiOC films. In figure
2.6 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 reported. Figures 2.6a and 2.6b refer to samples
annealed in N2 and O2 atmosphere, respectively, the explored temper-
ature range is 600-900 °C and the duration of all the processes is 1
h. 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 am-
bient and on the temperature of the thermal process. More in detail,
spectra of N2-annealed samples (figure 2.6a) are generally redshifted
and broader with respect to those of samples annealed in O2 (figure
2.6b). Moreover, while the PL signal of samples annealed in O2 ambi-
ent is maximized at 900 °C, that of N2 annealed samples is maximized
at 750 °C.

In order to better understand the nature of the observed emission,
figure 2.7 compares the PL spectrum of an as-deposited film (black
line) and 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 of the shape. The
spectrum of the as-deposited sample appears quite broad, indicating
the presence of different contributions to the PL signal originating
from multiple 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
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Figure 2.6: Room temperature PL spectra for SiOC films as deposited and
annealed in the temperature range 600-900 °C for 1 h (a) in N2 ambient,
and (b) in O2 ambient.
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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.

Figure 2.7: Comparison between the normalized PL spectra of SiOC films
as deposited and annealed at 900 °C in N2 and in O2 ambient.

This behavior suggests the presence of at least two different lumi-
nescent centers in SiOC films, producing PL signals peaked at 400 and
510 nm. In particular, the broad nature of the PL spectrum of the
as-deposited sample indicates that the two luminescent centers coexist
and have a very similar efficiency, while the thermal treatment leads to
the prevalence of one of them, depending on the annealing conditions.

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 analysed by plotting their integrated intensity,
obtained by the fitting procedure employing Gaussian peaks described
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in figure 2.8. The figure shows the spectrum of the as-deposited sample
(black line), which has been well fitted by a curve (green line) obtained
by summing two Gaussian curves peaked at 400 nm (blue line) and
510 nm (red line).

Figure 2.8: PL spectrum of a SiOC film as deposited (black line) and its
fit (green line) given by the sum of two Gaussian curves peaked at 400 nm
(blue line) and 510 nm (red line).

The integrated PL intensity as a function of the annealing tem-
perature for the two components of the PL signal of SiOC films is
reported in figure 2.9. For processes performed in N2 atmosphere (fig-
ure 2.9a) the prevalent PL band is the one at 510 nm and its intensity
(plotted as red line and circles) continuously increases with 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
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annealed in O2 atmosphere (figure 2.9b), 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.

Figure 2.9: 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.

To obtain more information on the nature of the two luminescent
centers, PL excitation spectroscopy measurements on SiOC samples
annealed at 900 °C have been performed. The PLE intensity shown
in figure 2.10, obtained by integrating the emission spectra recorded
as a function of the excitation wavelength in the 250-370 nm range, is
deeply influenced by the annealing environment. In particular, for the
sample annealed in N2, the integral PL intensity is almost constant
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between 250 and 270 nm and then steeply drops by increasing the
excitation wavelength, while for the sample annealed in O2 it mono-
tonically decreases with increasing wavelength.

Figure 2.10: 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).

In addition, PL lifetime measurements have been performed on
the samples annealed at 900 °C in O2 and N2 ambient, by selecting
as emission wavelength 400 and 510 nm, respectively. As shown in
figure 2.11, the decay curves are not single-exponential, therefore the
values of the decay-time τ has been obtained by considering the time
at which the PL signal is 1/e of the value observed at the laser shut-
off. The τ values are 1.9 and 11.2 ns for the emission at 400 and 510,
respectively, which confirms the different nature of the two emitting
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centers.

Figure 2.11: Room temperature PL time-decay curves of SiOC films an-
nealed at 900 °C in O2 (blue line) or N2 (red line) ambient, measured at
400 and 510 nm, respectively.

On the basis of the data shown in figures 2.6-2.11 it is possible to
reasonably conclude that the peak at 510 nm is due to the presence
of Si-C bonds [74, 75], while the peak at 400 nm can be assigned to
luminescent defects, such as oxygen vacancies [76, 78, 84]. Indeed,
when SiOC films are annealed in N2 atmosphere, free C and Si atoms,
or Si-C complexes, increase their mobility and a partial ordering of the
film structure occurs, leading to the formation of optically active Si-C
bonds. The increase of these bonds concentration, as a function of the
annealing temperature, corresponds to an increase of the PL signal at
510 nm, shown in figure 2.9a. 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
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assignment to Si-C bonds, in agreement with the results obtained by
Zhuge et al. [85].

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. Indeed, as depicted in figure 2.12, during the annealing
O2 diffuses inside the sample and reacts with the C atoms to form
volatile CO or CO2 molecules which can therefore escape from the
sample, leaving it depleted in C [89]. This process also leads to the
formation of vacancies into the film.

Figure 2.12: Schematic view of the oxidation process of SiOC films under
O2 exposure. O2 reacts with the C present in the film and forms volatile
species such as CO or CO2, leaving the film less rich in C and with the
presence of vacancies.

We propose that the origin of the 400 nm band may correlate with
Si-O-C defects like Si or C dangling bonds during the thermal treat-
ment which are known to be present in the SiOC system [76]. Similar
PL emission originating from Si-O-C complex has been previously ob-
served in C-implanted SiO2 film [86] and amorphous SiOC film [76].
Furthermore, the quenching of the emission at 400 nm for high an-
nealing temperature (figure 2.9), in agreement with the defect-nature
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of this emission, is 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.

In order to have an indication on the structural modifications oc-
curring during the annealing, we performed ellipsometric measure-
ments of the refractive index at 632.8 nm of both as-deposited and
annealed SiOC films. Figure 2.13 shows the evolution of the refrac-
tive index as a function of the annealing temperature for SiOC films
treated in N2 or O2 ambient.

Figure 2.13: 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
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reflects its low C content (pure SiC refractive index is about 2.60 [90],
while pure SiO2 refractive index is about 1.45 [91]). For annealing
in N2 atmosphere (red line and circles), the refractive index is almost
constant throughout the explored temperature range (from room tem-
perature up to 900 °C), indicating that the stoichiometry does not
change during the annealing process, in agreement with the conclu-
sions 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 cor-
responds to a change in the sample stoichiometry, and in particular to
a variation of the C content in the SiO2 matrix, which is in agreement
with the above described oxidation process (figure 2.12). Increasing
the annealing 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 of 1.45, indicated in figure 2.13 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 figures 2.6-2.11,
demonstrating the strong correlation between structural, chemical and
optical properties of SiOC.

A confirmation of the above picture concerning the nature of the
PL emission in SiOC films has been obtained by analyzing the shape
of the PL spectra of samples annealed at 900 °C in N2 as a function
of the time of air exposure after film synthesis. In figure 2.14 the
normalized spectra of the same sample after one day, three months and
18 months are reported. It can be noted that a shoulder, evidenced
in the figure by a black circle, appears on the short wavelength side
of the aged samples. In agreement with the data of figure 2.7-2.9,
this modification of the PL spectrum of SiOC films can be ascribed
to an increased contribution of the defects, peaked at 400 nm. Indeed
leaving the sample for a long time in contact with air, O2 can react
with the SiOC leading the formation of vacancies (see figure 2.12) with



51 Chapter 2: Silicon oxycarbide (SiOC)

consequential increase of the emission peaked at 400 nm. This result
confirms the ambient-dependent nature of the luminescence centers of
SiOC described above.

Figure 2.14: PL spectra of 1 day (red line), 3 months (green line) and 18
months (blue line) aged SiOC films exposed to the air at room temperature,
after thermal treatments at 900 °C in N2. The black circle evidences the
increase of PL contribution of the vacancies formed due to the exposure to
atmospheric oxygen.

In figure 2.15 a schematic representation of the SiOC emission
mechanisms is depicted. The figure shows a scheme of the energetic
levels of the two luminescent centers, Si-C bonds and vacancies. After
the 325 nm excitation (black line) the system can relax non-radiatively
(dashed arrows) to the lowest excited level of Si-C (red line) or of
vacancies (blue line). With their typical lifetime of the order of ns
(see figure 2.11), the excited levels of Si-C and vacancies can relax
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to their ground states emitting a photon at 400 (blue arrows) or 510
(red arrows) nm. In the case of the as-deposited sample, the two
luminescent centers coexist and the two processes depicted in figure
2.14 both occur with a similar efficiency, while in annealed samples
the nature of the ambient determines the prevalence of one process
with respect to the other. This picture is in agreement with the broad
nature of the as-deposited spectrum and the thermal evolution of SiOC
PL emission shown in figures 2.6 and 2.7.

Figure 2.15: Schematic view of the two different mechanisms populating
the energetic levels formed after N2 and O2 annealing. An excitation photon
at 325 nm excites the film which relaxes by emitting a photon at 510 or 400
nm.
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2.4 Conclusions

The intense visible emission of SiOC layers has been studied and its
dependence on the thermal annealing parameters elucidated. In par-
ticular, 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.

The broad and tunable emission of SiOC in the visible range is
bright enough to be visible by the naked eye. These optical character-
istics, in combination with the full compatibility of SiOC films with Si
technology, make this material potentially very interesting for appli-
cations in photonics (as the active medium in Si-based light emitting
devices) or in lighting technology for LED fabrication.





Chapter 3

Eu-doped SiOC: a new
approach for tunable and
efficient light emission in the
visible range

Eu-doped SiO2 and SiOC thin films have been synthesized by using
an UHV magnetron sputtering system. The comparison of the perfor-
mances between SiO2 and SiOC layers as host matrices for optically
active Eu ions is presented.

A SiO2 matrix allows to observe room temperature light emission
from both Eu2+ and Eu3+ ions, owing to a proper tuning of the ther-
mal annealing process used for the optical activation of the rare earth.
However the photoluminescence (PL) efficiency of both ions remains
relatively low and quite far from the requirements for technological
applications, mainly due to the extensive formation of Eu-containing
precipitates. A detailed study by transmission electron microscopy al-
lowed us to analyze and elucidate the clustering process and to find
suitable strategies for minimizing it.

55
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To overcome the clustering phenomenon, substitution of SiO2 ma-
trix with a SiOC one has been performed. In fact, Eu ions are charac-
terized by an enhanced solubility in this matrix and, as a consequence,
Eu precipitation is strongly reduced. Furthermore, when incorporated
in a SiOC matrix, Eu3+ ions are efficiently reduced to Eu2+, producing
a very strong room temperature PL emission peaked at about 440 nm.
Eu2+ ions benefit also of the occurrence of an energy transfer mech-
anism 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 PL intensity
at 440 nm accounting for about a factor of 250 with respect to Eu-
doped SiO2.

Finally, bilayers consisting of two SiOC films doped with different
Eu concentrations have been grown. A proper choice of the annealing
temperature allows to avoid Eu diffusion and clustering, so that each
layer holds its optical properties. Under these conditions, the bilayer
allows to take advantage of the dependence of the PL peak position on
the Eu concentration, so that an intense white emission is obtained at
room temperature.

These findings constitute a relevant progress towards the realization
of efficient white light sources, which can be of great interest for appli-
cations in solid-state lighting. Furthermore, since SiOC is a material
fully compatible with standard Si technology, Eu-doped SiOC layers
can also be considered a highly interesting candidate for photonic ap-
plications.
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3.1 Optical and structural properties of

Eu

In Chapter 1 we have discussed the optical properties of rare earth
(RE) ions, which make them very interesting for several practical ap-
plications. Usually, the most common valence state of REs in solids
is the trivalent one, but Eu can exist both in its trivalent (Eu3+) and
divalent (Eu2+) oxidation state. Figure 3.1 shows the Eu electronic
energy levels for both oxidation states. The electronic configuration
for the trivalent ion is 4f65s25p6, while that of the divalent ion is
4f75s25p6.

In the trivalent state 4f electrons are not the outermost ones and
are shielded from external fields by two other electronic shells. As a
consequence, when an Eu ion is introduced into a solid matrix, the 4f
electrons are only weakly perturbed by the charges of the surrounding
ligands. Therefore, many of the spectroscopic properties of Eu3+ ions
do not depend on the matrix in which they are introduced and are
expected to be understood from considerations about the free ions.
A typical emission spectrum of Eu3+ is reported in figure 3.2, which
shows different sharp peaks in the 500 - 750 nm region. In particular
the spectrum has a maximum at around 620 nm, corresponding to
the 5D0 −→

7F 2 optical transition (see figure 3.1). For Eu3+ the
intra-4f shell transitions are electric dipole forbidden, resulting in a
low emission intensity and quite long decay lifetime (of the order of
ms).

An efficient optical excitation would require the promotion of an
electron into the 5d shell (which is not dipole forbidden) followed by
a radiative transition of the system back to the ground state: this is
the case of Eu2+. The most common oxidation state of Eu in solids is
the trivalent one, but in some conditions Eu can be stabilized into the
divalent state. For Eu2+ ions the energy separation between the 4f7
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Figure 3.1: Electronic energy levels of Eu2+ (right) and Eu3+ (left). Eu2+

shows a broad dâ€“f emission in the blue since the energy levels of the
4f7 configuration have a higher energy than the broad levels of the 4f65d
configuration. Eu3+ (4f6 configuration) shows typical f-f emission lines in
the yellow to red [92].

and 4f65d configuration is smaller than in the case of Eu3+, and tran-
sitions between them may be observed in the UV-visible spectroscopic
range. Figure 3.3 reports a typical Eu2+ emission spectrum which is
notably different from that of the trivalent ions: in fact it consists of
a broad band, due to the 4f −→ 5d electronic transitions, peaked in
the wavelength range of 550-650 nm.

Since 5d levels exhibit a less localized nature and a stronger cou-
pling to lattice vibrations, and being the Eu inter-configuration 4f7

−→ 4f65d transitions parity-allowed, the emission intensities are up
to 104 times stronger than those associated to intra-4f transitions.
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Figure 3.2: Emission spectrum of Eu3+ in YVO4 [93].

Figure 3.3: Emission spectra of Ca2.95SiO4−xSxCl2:0.05Eu2+ for x values
ranging from 0 to 0.25 [94].
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Moreover, the Eu2+ emission characteristics strongly depends on the
host matrix: in figure 3.3 a change in the stoichiometry of the host
corresponds to a shift of about 50 nm of the maximum of the PL emis-
sion. This emission wavelength shift is evidenced in figure 3.4, where
the 4f65d levels of Eu2+ are split due to the influence of the crystal
field of the host matrix. By increasing the crystal field acting on Eu2+

ions, the emission wavelength can be tuned from 400 (UV-blue) to 600
(yellow-red) nm and the intensity and lifetime are strongly influenced
too.

Figure 3.4: Schematic energy level diagram of Eu2+ and Eu3+ ions as
function of the magnitude of the crystal field [49].

For practical applications in Si photonics, including the fabrication
of light sources or optical amplifiers, or in solid-state lighting, an Eu-
based device has to cope both with the presence of two oxidation states
and with the dependence of emission properties on the host material.
These properties differentiate Eu from other RE ions widely used in
photonics, such as Er, which is stable only in the trivalent oxidation
state. The simplest road that has been followed to couple Eu ions
with the Si technology is represented by Eu doping of a SiO2 matrix
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[48, 53, 95–97]. In particular, Skorupa and co-workers [48, 53, 95, 96]
extensively studied the properties of electroluminescent metal-oxide-
semiconductor (MOS) devices based on Eu-doped SiO2 layers exploit-
ing the emission from both Eu2+ and Eu3+ ions. In figure 3.5 the
electroluminescence (EL) spectra of Eu doped SiO2 having different
Eu concentrations are reported. The spectra show a great variability
in the blue-green spectral region due to Eu2+, while the Eu3+ peaks
in the red region show no shift of their position by varying the Eu
concentration. The 5d orbital sensitivity to the chemical environment
qualitatively explains the variability in the blue-green region, since the
SiO2 microstructure remarkably changes with Eu concentration.

Figure 3.5: EL spectra of Eu-implanted MOS devices for various Eu con-
centrations. The solid lines indicate the position of the 5D0 −→

7F J lines
(0 6 J 6 4) [49].

The dependence of the emission spectra of Eu-doped SiO2 on the
synthesis conditions is not the only issue to be faced, since another
key point to be considered is the low Eu solid solubility and the conse-
quent cluster formation. The latter phenomenon occurs when impurity
atoms are incorporated at concentrations higher than the solid solu-
bility and are subjected to an annealing process. For these reasons,
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the solid solubility represents an important limit for practical applica-
tions of REs in solids, and the search for innovative host matrices able
to accommodate higher RE concentrations is currently attracting the
efforts of a wide scientific community [98, 99]. In particular, it was
observed that an efficient emission of Eu-doped SiO2 is strongly pre-
vented by the low Eu solid solubility in this host material, which leads
to massive phenomena of Eu clustering and precipitation [53, 95–97].

The main challenge for Eu applications in photonics or solid-state
lighting is therefore represented by the availability of a host matrix,
whose synthesis and processing are compatible with the involved tech-
nologies, which is simultaneously able to efficiently host high concen-
trations of optically active Eu ions and that allows the control of the
Eu oxidation state.

In this chapter we will investigate the structural and optical prop-
erties of Eu-doped SiOC films and we will compare them with those of
Eu-doped SiO2 films. The final aim is to overcome the limits of SiO2

as a host matrix for Eu ions, by obtaining a material in which high
concentrations of optically active Eu2+ ions can be accommodated.
Furthermore, a new approach, consisting in the stacking of Eu-doped
SiOC films doped with different Eu concentrations, will be proposed;
this multilayer approach exploits the tunability of Eu2+ emission peak
position as a function of the Eu concentration, and it will be shown
that it is able to provide an efficient and Si-compatible white light
source operating at room temperature, which could be of great inter-
est for both photonic and lighting applications.
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3.2 Synthesis of SiO2:Eu and SiOC:Eu thin

films

To study the influence of the host matrix on the optical, chemical and
structural properties of Eu ions, two different Eu-doped Si-based thin
films, SiO2:Eu and SiOC:Eu, have been grown.

Eu-doped SiO2 thin films were deposited on (100) Si substrates
heated at 400 °C by using an ultrahigh vacuum magnetron sputtering
system. The base pressure was about 1·10−9 mbar. The deposition has
been obtained by rf co-sputtering of 4 inches diameter, water-cooled
SiO2 and Eu2O3 targets (figure 3.6a). The deposition was carried
out with a sputter up configuration in a 5·10−3 mbar Ar atmosphere.
Sputter rates have been set in order to obtain two Eu concentrations
(1.5 and 5.0·1020 Eu/cm3). Similarly, Eu-doped SiOC thin films were
grown by rf co-sputtering of SiO2, SiC and Eu2O3 targets (figure 3.6b);
sputter rates have been set in order to obtain a C concentration of
about 5 at.% and Eu concentration of 1.5·1020 Eu/cm3. Both kinds of
films are about 200 nm thick. After deposition, samples were thermally
treated for 1 h in ultra-pure O2 or N2 ambient by using a horizontal
furnace operating at temperatures ranging from 750 to 1000 °C.

Transmission electron microscopy (TEM) analyses in bright field
(BF) mode were performed with a 200 kV Jeol 2010 microscope to
investigate the film structure, while a 200 kV Jeol 2010F microscope,
equipped with a Gatan Image Filter, was used to investigate the chem-
ical composition by energy filtered TEM (EFTEM) analyses.

The atomic composition of the films was studied by Rutherford
backscattering spectrometry (RBS), using a 2 MeV He+ beam in ran-
dom configuration. The backscattered He ions from the near surface
region of the sample are collected by a solid state detector placed at
165 ◦ with respect to the incident beam. In the RBS measurements,
the relative number of He ions backscattered from a target atom into
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Figure 3.6: Schematic representation of sputter target configuration used
to deposit (a) SiO2:Eu and (b) SiOC:Eu.

a given solid angle, for a given number of incident particles, is related
to the differential scattering cross section, which is basically propor-
tional to the square of the atomic number of the target atom. From
this relation, quantitative and chemical information can be collected.
A schematic RBS spectrum of a sample composed by two elements A
(lighter) and B (heavier), is displayed in figure 3.7. By measuring the
height (H) of the A and B peaks and normalizing by the scattering
cross sections for the respective elements, the concentration ratio of A
to B can be obtained at any given depth in the film. It is also possible
to calculate the A concentration in the film by comparing the height
of the A peak to that of the peak for the pure A substrate, corrected
for the different stopping cross sections of the two materials. Further-
more, by measuring the energy width ∆E of the peaks and dividing
by the energy loss of He per unit depth in the sample, the thickness
of the layer can be calculated.

PL measurements were performed at room temperature by using
the same configuration shown in figure 2.5, by pumping with the 325
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Figure 3.7: Schematic representation of a RBS spectrum of a sample
composed by two elements A and B. In this sketch the spectrum is composed
by two peaks for which ∆E correspond to the energy width and H is referred
to the height.

nm line of a He-Cd laser. The pump power was about 2 mW and
the laser beam was chopped through an acousto-optic modulator at
a frequency of 55 Hz. The PL signal was analyzed by a single grat-
ing monochromator and detected with a Hamamatsu visible photo-
multiplier. Spectra were recorded with a lock-in amplifier using the
acousto-optic modulator frequency as a reference. All the spectra
have been measured at room temperature and corrected for the sys-
tem spectral response. 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.
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3.3 Structural and Optical properties of

Eu-doped SiO2 films

As already illustrated in section 3.1, Eu ions have a low solid solubil-
ity in a SiO2 matrix, particularly after the thermal process required to
maximize the emission properties of the system. Thermal annealing
is unavoidable when Eu ions are introduced by ion implantation[53],
since this process removes implantation damage (which may create
non-radiative de-excitation channels) and makes Eu ions optically ac-
tive, by optimizing their chemical environment [95]. However, a ther-
mal annealing can be very useful also when, as in the present case,
a non-damaging technique, such as co-sputtering, is used to dope the
material.

We have used TEM analyses to study cluster formation in Eu-
doped SiO2 and its dependence on the thermal annealing conditions.
In figure 3.8 a the BF cross sectional TEM (XTEM) of a SiO2 film
doped with 5.0 1· 1020 Eu/cm3 and annealed at 750 °C in N2 is reported
and shows that no precipitation occurs. The same scenario is found
in as-deposited materials and for samples annealed at temperatures
lower than 750 °C.

On the other hand, by increasing the temperature up to 900 and
1000 °C in N2, precipitate formation occurs, as clearly visible in the BF
XTEM images shown in figures 3.8b and c, respectively. At 900 °C
clusters are almost homogeneously distributed throughout the film,
but their size markedly decreases on going from the interface with
the substrate (where diameters as large as about 15 nm are found)
towards the surface (where the mean diameter is a few nm). After a
further increase of the annealing temperature up to 1000 °C most of
the precipitates are found close to the surface and a marked increase
of their maximum diameter (about 30 nm) occurs.

Eu precipitation is tightly related to Eu diffusion toward the sur-
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Figure 3.8: BF XTEM images of Eu-doped SiO2 films annealed in N2

ambient at (a) 750 °C, (b) 900 °C, and (c) 1000 °C. Eu concentration is
5.0·1020 cm−3 in all cases. (d) Eu concentration profiles, measured by RBS,
relative to the samples shown in panels (a)-(c).
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face, as demonstrated by the analysis of the Eu concentration profiles,
measured by RBS, reported in figure 3.8d. The Eu profile of the sam-
ple annealed at 750 °C (black line) is almost constant throughout the
SiO2 layer, indicating the absence of relevant diffusion phenomena at
this temperature. At 900 °C (red line and triangles) an Eu peak lo-
cated at a depth of about 125 nm (corresponding to the region where
the larger precipitates are detected in the TEM image) emerges over
the Eu background concentration. At 1000 °C (blue line and circles)
the Eu peak is more intense and moves towards the surface, at a
depth of about 30 nm, corresponding again to the region where the
larger precipitates are detected by TEM, while in the deeper regions
the residual Eu concentration is very low. In all cases the integrated
Eu concentration does not change with respect to the as-deposited
sample, indicating the absence of Eu outdiffusion phenomena.

In order to gain more information on the nature and composition
of the precipitates, further TEM investigations have been performed.
Figure 3.9a shows a BF XTEM image, taken at a higher magnification
with respect to the image of figure 3.8b, of an Eu-doped SiO2 sample
containing 5.0·1020 Eu/cm3 and treated at 900 °C in N2 atmosphere.
Since no information on the cluster composition can be extracted from
a conventional TEM image, EFTEM technique has been employed.
EFTEM is an electron microscopy technique which allows us to gen-
erate a TEM image by using only electrons that have lost a specific
amount of energy due to the interaction with the sample. This allows
us to obtain a chemical mapping of all the species present in a sample
with the very high spatial resolution typical of TEM [100]. In figure
3.9b the EFTEM map of elemental Eu, obtained by energy filtering
at 133 eV (corresponding to the NIV edge of Eu) and by using the 3-
windows method [101], is shown; the image displays exactly the same
region shown in figure 3.9a and unambiguously demonstrates that all
clusters contain Eu.

The diffraction pattern reported in the inset of figure 3.9a indi-
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Figure 3.9: (a) BF XTEM image relative to an Eu-doped SiO2 film (Eu
concentration is 5.0·1020 cm−3) annealed in N2 ambient at 900 Â°C. In
the inset the electron diffraction pattern of the same sample is shown. (b)
EFTEM cross section image showing the same region of the same sample
shown in panel (a), obtained by energy filtering at 133 eV (corresponding
to the NIV edge of Eu). (c) HR TEM image of the precipitate circled in
red in panel (b). (d) Fast Fourier transform of the cluster shown in panel
(c); the red circles are the simulation of the FFT.
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cates that the Eu-containing precipitates are amorphous or strongly
damaged. Since high resolution (HR) TEM analyses conducted on
tens of clusters was not able to detect the typical fringes of the crys-
talline planes, we can conclude that they are amorphous. The only
crystalline clusters are detected at the interface with the Si substrate,
as shown by the HR TEM image reported in figure 3.9c, referring to
the cluster marked with a white square in figure 3.9a. The analysis
of the corresponding fast Fourier transform (FFT), shown in figure
3.9d, reveals that these precipitates are epitaxial with respect to the
Si substrate. Moreover, the simulation of the FFT, performed by us-
ing Carine Cristallography software [102] and superimposed in figure
3.9d as red circles, allows to recognize that these clusters have the
crystalline structure of pure Eu2O3. The experimental evidences on
the nature of the interfacial clusters, coupled with the well known ten-
dency of RE ions, including Eu and Er, to precipitate as an oxidized
phase when they are embedded in SiO2 [103, 104], allow us to rea-
sonably conclude that also the amorphous precipitates consist of Eu
oxides (and/or silicates).

Eu precipitation in SiO2 is not a surprising phenomenon, since it is
well known that it has a low solid solubility [53, 97, 103] and diffuses
very fastly in this matrix. On the other hand, the peculiar temperature
dependence of the precipitation phenomenon (both size and position
of the clusters remarkably change) and the tendency of the clusters
to move towards the surface when the annealing temperature is in-
creased are certainly less expected. In the as-deposited sample the Eu
ions are homogeneously distributed throughout the film; during the
thermal process they acquire mobility but, in absence of any concen-
tration gradient, no relevant diffusion process towards a preferential
direction is expected. It should be taken into account that Eu ions
tend to be fully coordinated with O atoms and that a non-negligible
O2 contamination is unavoidably present in the conventional furnaces
used for thermal processing in Si-based technology, even if ultra-pure
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N2 is used. This implies that, during the thermal process, O diffuses
inside the samples but, given its low concentration, it is reasonable
to assume that it is mainly present in the surface region of the film.
Therefore, the higher O concentration close to the surface and the
tendency of Eu ions to be surrounded by O atoms to stabilize their
chemical environment, both concur to force Eu migration towards the
surface, as shown in figure 3.8. Under these conditions Eu solubility in
SiO2, especially close to the surface, is largely overcome and clustering
occurs.

To confirm the role of O as a driving force for Eu migration towards
the surface, annealing processes in pure O2 ambient have been per-
formed. In particular, an Eu-doped SiO2 sample containing 5.0·1020

Eu/cm3 has been annealed at 900 °C in O2 ambient. In these condi-
tions we expect that, due to the temperature, O can homogenously
diffuse throughout the sample and therefore the effect related to the di-
somogeneous O distribution observed for N2 annealing processes would
be reduced. The main results of the thermal processes performed in
O2 ambient is shown in the BF XTEM image of an Eu-doped SiO2

sample containing 5.0·1020 Eu/cm3, reported in figure 3.10a. Indeed,
if compared with the image of figure 3.8b, it is clear that clustering,
although still present, is deeply influenced by the change of annealing
ambient. Superimposing the Eu concentration profile obtained from
RBS measurements to the XTEM image, as shown in figure 3.10a, a
homogeneous Eu depth distribution and the absence of any Eu diffu-
sion towards the surface can be observed.

The precipitation phenomenon can be better described by using
cross section EFTEM images; the Eu map shown in figure 3.10b, ob-
tained by energy filtering at 133 eV, evidences a huge number of very
small Eu-containing precipitates (the mean diameter is of about 5 nm)
uniformly dispersed throughout the film. The image confirms that O
diffuses inside the whole film. Indeed under these conditions Eu ions
have no reasons to move, and the precipitation phenomenon shown



Eu-doped SiO2 films 72

Figure 3.10: (a) BF XTEM image relative to an Eu-doped SiO2 film (Eu
concentration is 5.0·1020 cm−3) annealed in O2 ambient at 900 °C. The Eu
concentration profile, measured by RBS, is superimposed to the image. (b)
EFTEM Eu map showing a detail of the sample, obtained by energy filtering
at 133 eV (corresponding to the NIV edge of Eu).

in figure 3.10 depends only on the overcoming of the Eu solubility
in SiO2. Since this scenario is strongly different with respect to that
characterizing samples annealed in N2 ambient, we can conclude that
O plays a key role during the annealing of Eu-doped SiO2 and we can
also evaluate the solubility limit of Eu in SiO2, that is smaller than
5.0·1020 cm−3

In order to correlate the structural and the optical properties of Eu-
doped SiO2 films, we have performed PL measurements. Figure 3.11
shows the room temperature PL spectra of as-deposited and annealed
films, obtained by exciting the samples with the 325 nm line of a
He-Cd laser.
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Figure 3.11: Room temperature PL spectra of Eu-doped SiO2 films (Eu
concentration is 5.0·1020 cm−3) as-deposited and annealed at 750 and 900
Â°C, both in N2 and O2 ambient.

The PL spectrum of the as-deposited sample consists of a broad
band having its maximum at ∼435 nm, corresponding to the emission
of Eu2+ ions [105], and of some narrow lines at ∼600 nm corresponding
to the emission of Eu3+ ions [106]. The most intense Eu3+ line is found
at 616 nm with a FWHM of about 15 nm and it corresponds to the
5D0 −→

7F 2 transition of Eu3+ ions in solid matrices; the less intense
peaks at about 578, 590, 656 and 704 nm correspond to 5D0 −→

7F J

transitions, with J = 1, 3, 4 and 5, respectively. After annealing the
samples in N2 ambient, we notice an increased intensity of the peak
associated to Eu2+, coupled with a shift to 450 nm (at 750 °C) and
to 475 nm (at 900 °C); a further increase of the PL intensity and
a small redshift are found at 1000 °C (spectrum not shown). The
Eu3+ emission remains clearly visible as a peak at 750 °C and as a
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shoulder of the Eu2+ peak at 900 °C. The increased PL intensity in
annealed samples accounts for a reduced defects density in the host
matrix which can represent preferential non-radiative decay channels
and for a better Eu coordination, while the redshift of Eu2+ peak is
related to the formation of regions characterized by different local Eu
concentrations [107, 108]. Indeed, as discussed in section 3.1.1, while
the emission of Eu3+ is due to intra-4f shell transitions and does not
depend on the chemical environment of the ion, the emission of Eu2+

is due to a 4f-5d transition and it is sensible to local variations of the
Eu chemical environment [109]. The co-existence of Eu2+ and Eu3+

ions in Eu-doped SiO2 is not surprising [49]. It should be noted that
the different nature of the Eu2+ and Eu3+ emissions (the first is due
to an allowed transition, the second to a forbidden one) could lead
to an overestimation of the Eu2+ content, if it is based only on the
relative intensities of their PL signals. This means that even a small
O deficiency can determine the presence of an Eu2+ signal having an
intensity comparable to that of Eu3+, even if the number of optically
active divalent Eu ions is much lower than the trivalent ones.

On the other hand, from the analysis of figure 3.11 it appears
evident that in samples annealed in O2, the Eu2+ peak fully disappears,
due to the complete oxidation of Eu2+ in Eu3+. We notice also an
increase by about a factor of 10 of the PL intensity for the Eu3+-
related peaks in the sample annealed at 750 °C in O2 with respect
to the as-deposited one. A decrease of the PL intensity by about
a factor of 2 is found when the annealing temperature is increased
up to 900 °C, contrarily to what happens for N2 processes, where
a monotonic increase as a function of the annealing temperature is
observed. This effect depends on the higher effectiveness of O with
respect to the temperature in eliminating matrix defects that may act
as non-radiative de-excitation channels, by maximizing the yield of the
photon emission process already at 750 °C. As a consequence, a further
increase of the annealing temperature produces only a decrease of the



75 Chapter 3: Eu-doped SiOC

emission intensity due to the occurrence of clustering phenomena, in
agreement with the TEM data shown in figure 3.11.

By summarizing, the structural data concerning Eu-doped SiO2

highlight the occurrence of Eu precipitation in samples annealed both
in O2 and in N2 environments. Although it is clear that this phe-
nomenon strongly limits the fraction of optically active Eu ions, it is
also evident that, due to the defects present in the matrix, a thermal
process is required to optimize the optical properties of the system.
This need is demonstrated by the stronger PL signals exhibited by
annealed samples, even if the thermal process simultaneously induces
Eu precipitation.

Since it is well known that Eu compounds can be very efficient
light emitters [110], as it will be extensively discussed in chapter 4 of
this thesis, a question arises about the possibility that the measured
PL signals come (at least in part) from Eu-containing clusters formed
during the annealing processes. However, previously reported strong
light emission from RE compounds, such as oxides or silicates, has
been linked to the presence of crystalline structures [111]. In the case
of Eu-doped SiO2 (figures 3.8-3.10) most of precipitates are amorphous
(and very reasonably they have not a well defined stoichiometry), so
that their optical inactivity appears probable.

Eu precipitation and the prevalence of the Eu3+ oxidation state
both concur in making the optical properties of Eu-doped SiO2 films
quite far from the requirements for application of this material as a
light source. A straightforward approach to solve at least the problem
of Eu precipitation could be to reduce its concentration. The result of
this attempt is illustrated in the BF XTEM images reported in figures
3.12a and 3.12c, referring to a SiO2 film containing 5.0·1020 Eu/cm3

(i.e. an Eu concentration which is more than 3 times lower than that
present in the samples discussed above), annealed in N2 at 900 and
1000 °C, respectively. The TEM images show that Eu precipitation
is still present; precipitate position is very similar to that found in



Eu-doped SiOC films 76

samples containing a higher Eu concentration, but a marked decrease
of their size and density is obtained. Although these improved struc-
tural properties also produce a moderate increase of the PL intensity
(accounting for less than a factor of 2 at 900 °C), it seems clear that
further improvements are needed.

3.4 Structural and optical properties of

Eu-doped SiOC films

It has been widely reported in literature that the Eu solubility can be
remarkably increased by properly modifying (from both chemical and
structural points of view) the host matrix [103, 112, 113]. Since the
high luminescence efficiency of Eu2+ ions can be more appealing for
lighting or photonics purposes, the matrix has been modified in order
to simultaneously increase the Eu solubility and efficiently induce the
Eu3+ −→ Eu2+ reduction. In particular, instead of using SiO2, we
incorporated Eu ions in a SiOC matrix having a C content of about
5 at.%. SiOC has been already used as a host matrix for RE ions,
including Er [114], Eu [88] and Tb [74]. Furthermore SiOC contains
C, which is a reducing agent and can be used to promote the Eu3+

−→ Eu2+ reduction [105]. In addition, since SiC is a wide bandgap
semiconductor, a possible effect of indirect Eu excitation through en-
ergy transfer from SiC nanoclusters (nc) or the SiOC matrix, could be
sought for, similarly to what happens in Er-doped Si nc [36]. Finally,
as already found in the case of Si-rich SiO2 [37], an improved electrical
conduction in SiOC with respect to SiO2 could be expected. This last
property could make the material also suitable for the fabrication of
electroluminescent devices.

In figures 3.12b and 3.12d the BF XTEM images relative to Eu-
doped SiOC films annealed in N2 ambient at 900 and 1000 °C, respec-
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Figure 3.12: BF XTEM images relative to: (a) Eu-doped SiO2 annealed
in N2 ambient at 900 °C; (b) Eu-doped SiOC annealed in N2 ambient at 900
°C; (c) Eu-doped SiO2 annealed in N2 ambient at 1000 °C; (d) Eu-doped
SiOC annealed in N2 ambient at 1000 °C. Eu concentration is 1.5·1020

cm−3 in all of the samples.
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tively, are reported and compared to those relative to Eu-doped SiO2

(figures 3.12a and 3.12c), annealed at the same temperature. The Eu
concentration is 1.5·1020 cm−3 for all the samples. From the com-
parison it is clear that SiOC matrix is very effective in increasing Eu
solubility and that SiC addition dramatically changes the structural
properties of the Eu-doped SiO2 films. Indeed, for both the explored
annealing temperatures, cluster formation occurs only at the sample
surface. Precipitates have been studied by electron diffraction and
EFTEM analyses and, analogously to what found for a pure SiO2 ma-
trix, they contain Eu and are amorphous. No precipitation occurs in
as-deposited samples.

The quantitative analysis of the fraction of clustered Eu in the
SiOC matrix has been done by performing RBS measurements. Figure3.13
shows the comparison between the Eu concentration profiles relative
to an as-deposited Eu-doped SiOC film (black line) and those corre-
sponding to thermally annealed samples (900 °C, red line and triangles;
1000 °C, blue line and circles, both in N2 environment).

Data in figure 3.13 show an uniform Eu depth distribution in the
as-deposited film, while for annealed samples the occurrence of Eu
surface segregation is evidenced, in agreement with the TEM images
reported in figure 3.12. The surface Eu concentration peaks account
for about 10% (at 900 °C) and 65% (at 1000 °C) of the total Eu
concentration (values estimated by subtracting a background equal to
the Eu concentration in the deeper film regions). Even in this case,
no Eu out-diffusion has been evidenced. Since Eu precipitates are
confined in a very thin surface region, they can be also visualized by
using plan view TEM analysis without the occurrence of any overlap
between clusters. In figure 3.14 a plan view BF TEM image of an
Eu-doped SiOC film annealed at 1000 °C (the corresponding XTEM
image is shown in figure 3.12d) is reported.

The image shows a high density of well resolved, almost circular
precipitates. The total volume of the precipitates can be easily eval-
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Figure 3.13: Eu concentration profiles, measured by RBS, relative to Eu-
doped SiOC films as-deposited and annealed in N2 ambient at 900 and 1000
°C. Eu concentration is 1.5·1020 cm−3 in all of the samples.

uated by supposing a spherical shape for the clusters. However, since
the precipitate composition is unknown, the fraction of clustered Eu
ions cannot be unambiguously derived. Alternatively, by using the
tabulated densities for the most common Eu compounds containing
O and/or Si, we can estimate that an Eu fraction ranging from 40%
(by hypothesizing the presence of the Eu compound characterized by
the lowest Eu density, i.e. the silicate EuSiO3 [115]) to 85% (if the
Eu compound characterized by the highest Eu density, i.e. the oxide
EuO [116], is present) is contained in the precipitates. Both values
are in good agreement with the RBS estimate obtained from the data
in figure 3.13. Although a fraction of precipitated Eu roughly ranging
from 40 to 85% (at 1000 °C) could appear very high, we underline
that the dissolved fraction corresponds, in the worst condition, to an
Eu concentration of about 2.2·1019 cm−3, which remains a very high
solubility value with respect to those reported in literature for RE ions
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Figure 3.14: Plan view BF TEM image of an Eu-doped SiOC film an-
nealed in N2 ambient at 1000 °C. Eu concentration is 1.5·1020 cm−3.

dissolved in the most common SiO2-based matrices [117].

The peculiar behaviour of Eu in SiOC is due to the combined effect
of O (which, analogously to the case of the pure SiO2 matrix, activates
Eu diffusion towards the surface) and of an enhanced Eu mobility in
the SiOC matrix. This enhanced Eu diffusion must be necessarily
taken into account, since the precipitates detected at the surface have
a total Eu content which largely exceeds that present in the surface
region in absence of any diffusion process. Under these conditions, a
very high Eu concentration is gathered in the surface layers, leading
to the extensive cluster formation shown in the TEM images of figures
3.12 and 3.14.

On the basis of the above results, it is important to limit the O in-
fluence during the thermal annealing of the sample in order to reduce
Eu diffusion towards the surface and the consequential Eu precipita-
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tion and to fully exploit the enhanced Eu solubility in this matrix. The
strategy we followed is the deposition of a SiO2 capping layer (about
200 nm thick) on Eu-doped films before performing the annealing step,
in order to avoid as much as possible additional interactions between
Eu ions and the O2 present in the furnace ambient.

The effect of the capping layer on the Eu behaviour is shown in
figure 3.15 where the BF XTEM images relative to SiO2-capped Eu-
doped SiOC (a) and SiO2-capped Eu-doped SiO2 (b) samples annealed
at 900 °C in N2 are reported. Eu concentration is 1.5·1020 cm−3 in
both cases. Figure 3.15a demonstrate that the capping layer is able to
completely suppress Eu precipitation in the SiOC matrix, especially if
compared with the same sample without the capping layer (see figure
3.12b), where clusters are found at the sample surface. In the same
figure the Eu concentration profile obtained by RBS measurements,
showing that Eu is uniformly dispersed inside the film, is overlapped
to the TEM image. For comparison a SiO2 capping layer has been also
deposited on Eu-doped SiO2, samples. In this last case it is clear that
the SiO2 capping layer is less effective in avoiding Eu precipitation;
indeed, the XTEM image reported in figure 3.15b shows the presence
of residual Eu-containing precipitates close to the interface with the Si
substrate. This experiment demonstrates that in a situation in which
Eu is not subjected to any diffusion process, the SiOC matrix is able
to fully prevent Eu precipitation thus increasing its solubility with
respect to pure SiO2.

Data shown in figures 3.12-3.15 clearly illustrate the complex struc-
tural evolution induced by the addition of SiC to a SiO2 matrix, and,
above all, how the capability of the matrix to incorporate high Eu
concentration is deeply (and positively) affected. Furthermore, due to
the presence of C, the SiOC matrix is also able to efficiently promote
the Eu3+ −→ Eu2+ reduction. Indeed when Eu ions can react with
reducing agents, such as C in our case, Eu2+ oxidation state can be
stabilized.
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Figure 3.15: (a) BF XTEM image of Eu-doped SiOC annealed in N2

ambient at 900 °C after the deposition of a SiO2 capping layer. The Eu
concentration profile, extracted from the RBS spectrum, is superimposed to
the TEM image. (b) BF XTEM image of an Eu-doped SiO2 annealed in N2

ambient at 900 °C after the deposition of a SiO2 capping layer. The dashed
line indicated the position of the interface between the Eu-doped films and
the SiO2 capping layer. Eu concentration is 1.5·1020 cm−3 in both samples.

In figure 3.16 the PL spectra of as-deposited and annealed Eu-
doped SiOC samples containing 1.5·1020 Eu/cm3 are reported. All the
spectra are characterized by a similar shape, corresponding to Eu2+

emission, and no relevant wavelength shifts among the various peaks
can be noted. Moreover no peaks or shoulders assignable to Eu3+

can be detected. The increase of the PL intensity by increasing the
annealing temperature up to 900 °C can be ascribed to a change of
the matrix structure due to the thermal treatment, which contributes
also to reduce the defect density in the host matrix. The sample
appears very bright under naked eye observation as in figure 3.16b
is shown. The small shifts of the peak position are due to changes
in the matrix structure due to a partial ordering of the film during
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the thermal annealing. By increasing the annealing temperature of
Eu-doped SiOC samples up to 1000 °C, no relevant variation of the
PL emission is found; indeed, the PL spectrum (magenta line) appears
almost unchanged both in shape and in position and the small decrease
of the PL intensity (by about 20%) is in agreement with the presence
of a higher precipitate density evidenced by the TEM and RBS data
reported in figures 3.12 and 3.14.

Figure 3.16: (a)Room temperature PL spectra of Eu-doped SiOC as-
deposited and annealed in the range 600-1000 °C in N2 ambient and of
Eu-doped SiO2 annealed at 900 °C in N2. The PL spectrum of Eu-doped
SiO2 is multiplied by a factor of 100 Eu concentration is 1.5·1020 cm−3 in
all of the samples. (b) Photograph of the sample annealed at 900 °C, having
an area of about 1 cm?2, excited by 364 nm line of a fully defocused Ar+

laser beam, showing a bright blue PL emission cleary visible by the naked
eye.

Figure 3.16 also allows the comparison between the PL spectrum
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of an Eu-doped SiOC sample annealed at 900 °C in N2 (blue line)
with that of a SiO2 sample with the same Eu content and annealed
under the same conditions (multiplied by a factor of 100, black line
and rhombus). By evaluating the integrated PL intensity of the two
spectra, we obtain that a very strong enhancement of the room tem-
perature PL emission by about a factor of 250 has been obtained when
Eu is incorporated in SiOC instead of SiO2; furthermore, the peak is
sharper and its maximum, detected at around 435 nm, is blue-shifted
by about 60 nm.

The enhancement of Eu solubility due to the presence of a SiO2 cap
layer on SiOC:Eu shown in figure 3.15 has beneficial effects also on the
PL emission intensity. In figure 3.17 the PL spectra of Eu-doped SiOC
samples annealed at 900 °C (red circles and line) and 1000 textdegree
C (blue circles and line) after the SiO2 cap deposition are shown. In
agreement with the capability of the capping layer to fully prevent Eu
precipitation, demonstrated by the XTEM image in figure 3.15a, an
enhancement of the PL intensity by about a factor of 2 with respect
to the same samples without the capping layer has been obtained for
both temperatures.

Similarly to the case of the SiO2 matrix, also for a SiOC matrix the
observation of strong PL signals in samples characterized by the pres-
ence of Eu-containing precipitates rises the question on their possible
optical activity. Although the arguments we have previously presented
to exclude this effect maintain their validity also for the SiOC matrix,
we have been able to collect a clear experimental evidence of the lack
of relevant light emission from Eu-containing clusters. Indeed, the fact
that, differently from the SiO2 matrix, all the precipitates detected in
SiOC are located in a thin (about 10 nm thick) surface region, allowed
us to remove them by using a low energy, rastered Ar ion source. The
observation that, also after cluster removal, the PL properties of the
samples are unchanged constitutes a strong evidence of the fact that
only the Eu ions which are dissolved in the matrix are optically active.
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Figure 3.17: Room temperature PL spectra of both SiO2-capped and un-
capped Eu-doped SiOC films annealed at 900 and 1000 °C in N2 ambient.
Eu concentration is 1.5·1020 cm−3 in all of the samples.

Moreover, this experiment supports the above reported considerations
about the need of a well defined stoichiometry and/or crystalline struc-
ture to make the Eu-containing precipitates optically active.

Further information on the nature of Eu2+ emission can be ob-
tained by time-resolved PL measurements. Figure 3.18a shows the
time-decay curves of an Eu-doped SiOC sample with an Eu concen-
tration 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 figure 3.16.

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 wave-
length, since τ varies in the range 0.3-0.8 µs. Similarly to the inter-
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Figure 3.18: (a) Room temperature time-decay PL curves of Eu-doped
SiOC (Eu concentration is 1.5·1020 cm−3) treated in N2 at 900 °C, mea-
sured at different emission wavelengths. (b) Schematic view of the model
proposed to explain the data reported in panel (a); the numbers 1, 2, 3 and
4 correspond to different Eu2+ sites, in which the local Eu concentration
increases on going from site 1 to site 4.

pretation given to the same phenomenon observed in Si nc [118], the
dependence of the τ values on the detection wavelength could be due
to the mutual interactions among different Eu sites. More in detail,
the PL decay behavior can be explained by the model sketched in fig-
ure 3.18b, where, for the sake of simplicity, we assume to have four
different Eu2+ sites, while actually they could be many more. The
numbers 1, 2, 3 and 4, correspond to different Eu2+ sites, in which
the local Eu concentration increases on going from site 1 to site 4
and this fact, according to literature [108], produces a redshifted PL
emission. Site 1 has the shortest decay lifetime and shows a radia-
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tive emission (continuous arrow) at 400 nm and non-radiative decay
channels (dashed arrows) that quench the PL emission through the in-
teraction with sites 2, 3 and 4. Similar processes occur for sites 2 and
3, while site 4 has the longest decay lifetime because it can hardly find
non-radiative channels to interact with other Eu sites. Time resolved
PL measurements therefore demonstrate that the Eu2+ band peaked
at about 440 nm shown in figure 3.16 can be actually considered the
convolution of different contributions, corresponding to different Eu
sites in the SiOC matrix.

These results demonstrate that SiOC can be 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 conven-
tional SiO2 matrix, can be almost completely suppressed in SiOC.
Furthermore, SiOC is also able to induce the Eu3+ −→ Eu2+ reduc-
tion, providing a simple method to obtain high concentrations of the
most optically efficient Eu species (Eu2+). As in the case of Eu-doped
SiO2, the ambient of the annealing strongly influence the PL emission.
To better understand the modification of the Eu emission properties,
annealing in different ambient were performed. Figure 3.19 reports
the room temperature PL spectra of Eu-doped SiOC samples having
an Eu concentration of 1.5·1020 cm−3, treated at 900 °C in N2 or O2

ambient.
As already discussed, 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 reduc-
tion reaction involving the C atoms of the SiOC matrix and 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 corre-
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Figure 3.19: Room temperature PL spectra for Eu-doped SiOC films an-
nealed at 900 °C in N2 (blue line), and in O2 ambient (magenta line, mul-
tiplied 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.

sponds to the 5D0 −→
7F 2 transition, the other less intense peaks are

at about 575, 657, 705 nm and correspond to 5D0 −→
7F J 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 and N2 ambient is due to the well known
dependence of the emission wavelength on the Eu concentration [108]
for O2 annealing treatments the concentration of Eu2+ ions decreases
due to the oxidation process.

The results shown above highlight the dependence of the PL inten-
sity in Eu-doped SiOC on the annealing conditions. A similar depen-



89 Chapter 3: Eu-doped SiOC

dence was already discussed in section 2.3 for the emission properties
of SiOC. In figure 3.20 a comparison between the integrated PL inten-
sities of undoped and Eu-doped SiOC is reported. 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 found, while only a weak dependence is observed for processes in
O2 (blue closed circles). Interestingly, figure 3.20 demonstrates that
these trends are very similar to those obtained by analyzing the inte-
grated PL intensity of undoped SiOC samples after the same thermal
processes (red open triangles refer to processes in N2, red open circles
to processes in O2).

Figure 3.20: Comparison of the integrated PL intensity as a function of
the annealing temperature of undoped and Eu-doped SiOC (for both pro-
cesses 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.

The PL intensity values for undoped SiOC films treated in N2 are
remarkably weaker than those relative to Eu doped samples, so that
they have been multiplied by a factor of 4 to make easier the com-
parison. The overlap between the trends of the PL intensities as a
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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 2, 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 confirma-
tion of the above mechanism is given by the behavior of the samples
annealed in O2 environment. As already discussed in section 2.3, 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 conse-
quence, Eu2+ ions formation in Eu-doped films is strongly inhibited,
and only a weak PL signal is observed. Figure 3.20 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 which is by a factor of 15 for an
annealing temperature of 900 °C.

Figure 3.21 reports the room temperature PLE spectra of undoped
and Eu-doped SiOC with an Eu concentration of 1.5·1020 cm−3, both
annealed at 900 °C in N2, obtained by integrating the PL spectra
measured by exciting in the 260-370 nm wavelength range.

The PLE curve of Eu-doped SiOC (blue line and squares) is char-
acterized by a monotonic decrease by increasing the excitation wave-
length. It must be noticed that SiOC:Eu PLE spectrum appears quite
different from the typical excitation spectrum of Eu2+ ions, shown in
the inset. Furthermore, since the PLE spectrum of Eu-doped SiOC has
a similar behavior with respect to the one of undoped SiOC (shown in
figure 3.21 as red line and circles), which monotonically decreases by
increasing the excitation wavelength, it is possible to conclude that the
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Figure 3.21: Room temperature PLE spectrum of undoped and Eu-doped
SiOC (Eu concentration is 1.5·1020 cm−3) annealed at 900 °C in N2, ob-
tained by integrating in the range 380-650 nm the PL spectra measured by
exciting with wavelengths in the range 260-370 nm. The inset reports the
typical PLE spectrum of a Eu2+ compound [119].

SiOC matrix has an active role in the optical properties of Eu-doped
SiOC. We can reasonably exclude that this role consists in the pres-
ence of a SiOC emission, since the spectral shape shown in figure 3.16
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 between the Si-C bonds
that act as absorber for the UV radiation, and the Eu ions dispersed
into the SiOC matrix. To elucidate the mechanism, a schematic view
of the energy levels involved is provided in figure 3.22. An excitation
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photon at 325 nm (red arrow) is absorbed by N2 annealed SiOC:Eu
sample, where there are Si-C bonds able to promote Eu ions in the
divalent oxidation state. The Eu2+ ions can be excited by an energy
transfer (dashed black arrow) from the excited levels of SiOC. In their
characteristic lifetime of the order of µs, 5d −→ 4f transitions of Eu2+

ions occur, emitting photons at 440 nm (blue arrow). Therefore the
efficient absorption properties of SiOC in the short wavelength region
can be exploited to excite the Eu2+ ions and to enhance their PL
efficiency also at short excitation wavelengths.

Figure 3.22: Schematic view of the energy transfer mechanisms between
the SiOC matrix and the Eu2+ ions. An excitation photon at 325 nm excites
the matrix which relaxes non-radiatively to the excited levels of Eu2+ that
relax to its ground state emitting a photon at 440 nm.

In conclusions, the results obtained on Eu-doped SiOC demon-
strate that the SiOC matrix acts at the same time (1) as a fully Si-
compatible host matrix in which the solubility of Eu ions is enhanced
with respect to pure SiO2, (ii) as reducing agent which promotes Eu3+

reduction into Eu2+ and (iii) as an efficient absorber material, able to
enhance the PL efficiency of Eu2+ ions.
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3.5 How to make Eu-doped SiOC a white

light emitter: the bilayer approach

As discussed in section 3.1 and illustrated in figure 3.4, one of the
properties of Eu-doped materials is the dependence of Eu2+ emission
peak wavelength on the crystal field of the host matrix. The possi-
bility to tune the Eu2+ emission by changing the host matrix or the
Eu concentration has been previously demonstrated [92, 108, 120],
and represent a very interesting feature for light source development.
Furthermore, in section 3.4 we evidenced a dependence of the Eu2+

emission wavelength on the local Eu concentration in the film. With
the aim of elucidating the dependence of the PL emission on the total
Eu concentration, SiOC thin films doped with different Eu concentra-
tions have been synthesized by rf magnetron sputtering system. The
deposition has been obtained, similarly to what already described in
section 3.2, by the co-sputtering of SiO2, SiC and Eu2O3 targets. Lay-
ers 120 nm thick, having a fixed C concentration of about 5 at.%, but
characterized by four different Eu concentrations (2.0·1020, 1.8·1021,
3.0·1021 and 4.9·1021 Eu/cm3), have been grown by properly changing
the power applied to the Eu2O3 target.

In figure 3.23 the normalized room temperature PL spectra of SiOC
films doped with 4 different Eu concentrations are shown. All of the
samples have been annealed at 600 °C in N2 ambient. The PL peaks
are remarkably shifted one another and approximately cover the whole
visible range; the maxima are found at about 435, 535, 560 and 585
nm and, as expected, longer wavelengths correspond to higher Eu
concentrations [92, 108, 120]. No marked variation of the wavelength
of the emitted photons is found for annealing temperatures ranging
from 600 to 900 °C, so that the capability of the Eu-doped samples to
exhibit an emission covering the whole visible region holds in a wide
range of annealing temperatures.
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Figure 3.23: Room temperature normalized PL spectra for Eu-doped SiOC
films containing four different Eu concentrations, annealed at 600 °C.

Eu-doped SiOC films therefore represent a class of light emitting
materials exhibiting an intense room temperature PL which can be
tuned from the blue to the red by simply changing the Eu concentra-
tion. This property implies that the combination in the same multi-
layer of a few SiOC layers, in which the Eu concentration has been
properly varied, may produce the emission of white light. In order to
test the potentialities of Eu-doped SiOC layers as an efficient white
light source, a bilayer consisting of two SiOC films with different Eu
contents (3.0·1021 Eu/cm3 in the layer in contact with the Si substrate,
2.0·1020 Eu/cm3 in the surface layer), has been grown by sputter de-
position, as schematically shown in the inset of figure 3.24. The layers
sequence has been chosen in order to avoid that photons emitted from
the lower layer (emitting at lower energy) can be absorbed by the up-
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per one. Figure 3.24 reports the Eu depth profile in the as-deposited
SiOC bilayer (red line and squares), as extracted by RBS; the profile is
characterized by a steep variation of the Eu concentration at a depth
corresponding to the interface between the two layers, demonstrating
that no intermixing phenomena occurred. As discussed in section 3.4,
a thermal annealing process in N2 ambient is a necessary step in order
to make Eu-doped SiOC layers efficient light emitters at room tem-
perature. However, thermal treatments do not modify the Eu depth
profile, this is clear from figure 3.24, in which Eu depth profile of
Eu-doped SiOC annealed at 800 °C (blue line) overlaps the Eu depth
profile of the as-deposited sample (red line and squares).

Furthermore, the films exhibit a marked dependence of the PL
intensity on the annealing temperature and, in particular, 900 °C is
the temperature which maximizes the PL intensity. However, since
the bilayer consists of two films containing very different Eu concen-
trations and a dependence of the optimal annealing temperature on
the Eu concentration is expected, we have studied in detail the room
temperature PL emission of the bilayer as a function of the anneal-
ing temperature. The results are shown in figure 3.25 for bilayers
as-deposited and annealed at temperatures ranging between 600 and
900 °C. The PL spectrum of the as-deposited bilayer consists of a very
wide band, covering almost all the visible range, exhibiting a maxi-
mum at about 570 nm. Thermal annealing processes in the 600-800
°C range induce some modifications of the shape of the PL peak and
remarkably increase its intensity.

More in detail, as shown in figure 3.26 the integrated PL intensity
at 600, 750 and 800 °C is about a factor of 2, 3 and 4, respectively,
higher with respect to the as-deposited sample. The peak shape mod-
ification mainly involves an increased contribution at shorter wave-
lengths so that, even if two maxima (at about 475 and 570 nm) are
visible at 750 and 800 °C, an almost flat emission in the whole visible
range is obtained. In fact, the sample annealed at 800 °C shows a
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Figure 3.24: Eu depth profiles, as extracted from the RBS spectra, in
a bilayer consisting of two SiOC films with a different Eu concentration
(3.0·1021 Eu/cm3 in the lower layer, 2.0·1020 Eu/cm3 in the upper layer),
as-deposited (red line and squares) and annealed at 800 °C (blue line). The
bilayer structure is schematically shown in the inset.

PL emission that appears white if observed by naked eye as in the
inset of figure 3.25 is shown. From the comparison with the data in
figure 3.23, it is straightforward to assign the component exhibiting
the short-wavelength maximum to the layer with 2.0·1020 Eu/cm3 and
the other one to the layer with 3.0·1021 Eu/cm3.

Figure 3.25 shows that at 900 °C the PL spectrum of the bilayer
is remarkably different with respect to those observed at lower tem-
peratures: indeed, although figure 3.26 demonstrates that this thermal
process is able to produce a further increase of the integrated PL inten-
sity, at this annealing temperature the short wavelength contribution
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Figure 3.25: Room temperature PL spectra for an Eu-doped SiOC bilayer,
as-deposited and annealed in the 600-900 °C range. The inset shows the
photograph of the sample annealed at 800 °C, having an area of about 1
cm?2, excited by 364 nm line of a fully defocused Ar+ laser beam, showing
a bright white PL emission cleary visible by the naked eye.

strongly increases at the expenses of the long wavelength one, so that
the very wide emission characterizing samples as-deposited and an-
nealed up to 800 °C is not present anymore, being replaced by a PL
signal markedly peaked at 450 nm and exhibiting a shoulder at longer
wavelengths.

In order to gain deeper information on the nature of the observed
PL emission, in figure 3.27 the PL spectrum of the bilayer annealed at
800 °C (black line) is compared with that of the single layers containing
2.0·1020 Eu/cm3 (blue line) and 3.0·1021 Eu/cm3 (red line), annealed at
the same temperature. Although SiOC is able to strongly increase the
Eu solid solubility with respect to the more conventional SiO2 matrix,
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Figure 3.26: Dependence of the integrated multilayer PL intensity on the
annealing temperature. The line is drawn to guide the eye.

the thermal process performed at temperatures of 800 °C or higher
is critical and may lead to Eu precipitation (section 3.4). Obviously,
films with a higher Eu concentration are more sensitive to an increase
of the annealing temperature. This is evident in figure 3.27, where the
spectrum peaked on the long wavelength side (corresponding to the
single layer with the highest Eu concentration, plotted as a red line)
is less intense by a factor of 4 with respect to that of the single layer
with the lowest Eu concentration (blue line), while the two spectra
have the same intensity for an annealing temperature of 600 °C. This
effect occurs because films with 2.0·1020 Eu/cm3 are able to benefit of
the increased thermal budget to improve the chemical environment of
Eu ions without the occurrence of precipitation processes, while this
phenomenon is unavoidable at higher Eu concentrations.
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Figure 3.27: PL emission spectra of 2.0·1020 Eu/cm3 (red line) and
3.0·1021 Eu/cm3 (blue line) single layers and of multilayer (black line) an-
nealed at 800 °C.

A different picture occurs when we couple these two single layers
to form the bilayer sample: looking at the spectrum of the bilayer in
figure 3.27 (black line) and comparing with those of the single layers
annealed in the same conditions, the PL contribution due to the layer
with the lowest Eu concentration and peaked at 440 nm seems to be
reduced by a factor of 2, while the spectrum corresponding to the
layer with the highest Eu concentration seems to be enhanced approx-
imately by the same factor. The loss of signal at shorter wavelengths,
can be understood if we consider that the upper layer in not in con-
tact with a reflective Si substrate, which acts as a mirror for emitted
photons in the case of single layer. On the other hand the lower layer
(3.0·1021 Eu/cm3) absorbs not only the photons from the excitation
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laser, but also those at 440 nm emitted backwards from the upper
layer (2.0·1020 Eu/cm3), experiencing a more efficient excitation. This
sort of gain-and-loss of total energy, give us the spectrum of the bilayer
annealed at 800 °C with the desired flat behaviour in almost all the
visible range.

The analysis of figure 3.25 suggests that, by excluding the sample
annealed at 900 °C, which is characterized by an emission strongly
peaked in the blue region, all the other PL spectra seem to be quali-
tatively close to a white emission. In order to quantitatively evaluate
the emission spectra of the bilayer, we have calculated the Commission
International de l’Eclairage (CIE) chromaticity coordinates for all the
annealing temperatures. The emission closest to the white is obtained
at 800 °C. In figure 3.28 the open dot indicates the CIE coordinates of
this sample, which are (0.33, 0.36), to be compared with those relative
to an ideal white emission which are (0.33, 0.33). Figure 3.28 also re-
ports as solid squares the CIE chromaticity coordinates relative to the
two Eu-doped SiOC single layers having the same Eu concentration as
those forming the bilayer, both annealed at 800 °C; as expected, the
point relative to the bilayer fairly lies on the straight line connecting
the points corresponding to the single layers. From the CIE coordi-
nates it is also possible to calculate the correlated color temperature
(CCT) of the emission, which is 5140 K. CCT is typically used to
classify the light emitted by commercial LEDs and lamps. It is also
possible to evaluate the CRI. For the Eu-doped SiOC bilayer annealed
at 800 °C the calculated CRI has a very high value of 91/100, which
mirrors the broadband nature of the Eu2+ emission.

These data demonstrate the feasibility of a bilayer consisting of two
SiOC thin films doped with different Eu concentrations which, after
a proper tuning of the annealing temperature, represents an efficient
emitter of white light at room temperature.
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Figure 3.28: CIE chromaticity coordinates for the Eu-doped SiOC bilayer
(open dot) and for the corresponding Eu-doped SiOC single layers (solid
squares); all of the samples have been annealed at 800 °C.

3.6 Conclusions

In this chapter, limits and perspectives of pure SiO2 and SiOC ma-
trices as a host for optically active Eu ions have been presented and
discussed. In the case of SiO2, both Eu2+ or Eu3+ emissions have
been obtained, but the occurrence of an extensive Eu precipitation in
thermally annealed films seems to be unavoidable. The formation of
Eu-containing clusters has been studied in a great detail, and the role
played by the temperature and by the chemical environment during
the thermal treatment elucidated. Although some strategies to mini-
mize clustering phenomena and to improve the efficiency of the light
emission process have been proposed, the material remains quite far
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from requirements for practical applications.
On the other hand, a SiOC matrix is able to efficiently promote the

Eu3+ −→ Eu2+ reduction, so enriching the system with the Eu species
exhibiting the brightest luminescence. Furthermore, TEM and RBS
data have demonstrated that Eu ions in SiOC are characterized by an
enhanced mobility and solubility; this peculiarity leads to a strongly
reduced Eu precipitation, and, as a consequence, to a very intense and
stable light emission at about 440 nm from Eu2+ ions. 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 SiOC matrix and the Eu2+ ions which, by increasing the efficiency
of photon absorption for exciting wavelengths shorter than 300 nm,
further contributes to increase the optical efficiency of Eu-doped SiOC
layers.

Furthermore we have demonstrated the feasibility of a bilayer con-
sisting of two SiOC thin films doped with different Eu concentrations
which, after a proper tuning of the annealing temperature, represents
an efficient emitter of white light at room temperature with optimal
characteristics especially in color rendering.

In conclusion, Eu-doped SiOC layers may find an application as the
active layer in light emitting devices to be employed in Si photonics.
On the other hand, the white color of the light emitted from Eu-doped
SiOC bilayers suggests also very interesting applications in solid-state
lighting.



Chapter 4

Overcoming the limits of Eu
doping: the Eu compound
approach

In this chapter we investigate the structural, chemical and optical prop-
erties of Eu compounds synthesized by thermal processing of Eu2O3

thin films deposited by RF magnetron sputtering on Si substrates.
Structural characterization of the films has been performed by trans-

mission electron microscopy (TEM) and x-ray diffraction (XRD), which
revealed that thermal processes in O2 ambient induce an oxidation pro-
cess in correspondence of the Eu2O3-Si interface. The formation of a
Si oxide layer at the interface acts as a diffusion barrier between Eu2O3

and Si, preventing the reaction between them and leaving almost unaf-
fected most of the Eu2O3 layer. Accordingly, photoluminescence (PL)
measurements revealed the typical red emission of Eu3+ ions.

On the other hand, by changing the annealing environment from O2

to N2, no diffusion barrier is formed and TEM data evidence the oc-
currence of a complex reactivity at the Eu2O3/Si interface, which leads
to the formation of stable Eu2+ silicates. The Eu3+ → Eu2+ reduction,

103
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due to the chemical reaction with Si atoms from the substrate, has been
confirmed by XRD analyses of the crystalline structure formed after
thermal treated samples. PL measurements performed on N2 treated
samples reveal a very strong (the measured external quantum efficiency
is about 10%) and broad room temperature emission peaked at 590 nm.
This signal is much more intense (more than three orders of magni-
tude) than the Eu3+ one observed in O2-annealed films.

These results demonstrate that the control of the annealing condi-
tions of Eu2O3 thin films allows one to obtain different Eu compounds
emitting in the visible range, having great potentialities for applications
in photonics and in solid-state lighting.

4.1 Rare earth compounds: a new route

to overcome clustering phenomena

In the previous chapter, the Eu doping approach to obtain efficient
rare earth (RE)-based light emitting materials has been presented
and discussed. RE doping of suitable insulating or semiconducting
host matrices has been considered for a long time one of the best
method to obtain light emission from Si-based materials [121]; how-
ever, due to the low solid solubility of RE in most of Si-based matrices
[49, 53, 95–97, 103, 106], RE clustering and precipitation, leading to
a reduced optical efficiency, occur in doped materials. It has been
demonstrated [111] that the compound approach, being able to over-
come these problems, may open some new and interesting perspectives
for the application of RE in Si photonics [95]. Indeed a RE concentra-
tion of the order of 1 0· 22 at/cm3 can be reached in a compound, so
potentially increasing by a factor of about 103 the number of lumines-
cent centers. In recent years most of the efforts on these compounds
have been focused on Er silicate thin films; relevant results include the
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observation of energy transfer between Si nanostructures and Er ions
in an Er silicate film [122], the achievement of optical gain in Er/Y
silicate waveguides [123], and the observation of a very efficient Er/Yb
coupling in mixed silicates [124]. Also photon cutting phenomena, be-
ing of great relevance for possible photovoltaic applications of these
materials, have been demonstrated in Er/Y silicates [124].

Among the various RE, the intense and stable room temperature
emission in the visible region exhibited by Eu ions incorporated in
different host matrices has been studied and successfully applied in
several technological fields, such as phosphors. On the other hand, re-
search on Eu compounds seems to be at a less advanced level, although
their optical properties have been exploited in simple prototypes of
light emitting devices [48].

4.2 Properties of Eu compounds

Among the RE compounds, a considerable attention has been devoted
to oxides and to silicates, which are the most common RE minerals
found in nature. Research has been mainly focused on their synthesis
and structure, so that in many cases their physical properties are not
fully understood, suggesting that a deeper knowledge of these materi-
als is needed.

RE oxides are very important, because they are the starting com-
pounds for the synthesis of most of the RE-based materials used in
many different technologies field. Furthermore, RE mixed oxides are
widely used for high temperature superconductors, ferroelectric mate-
rials and as low dielectric constant materials.

From the mixture between SiO2 and RE oxides it is possible to form
a RE silicate which is a chemically stable RE compound. The number
of possible crystalline structures of RE silicates is very high, due to the
fact that polymorphism is a common feature. Indeed in these materi-
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als the formation of a particular crystalline structure tightly depends
on the technique used for the synthesis and above all on the thermal
history. Generally the formation temperature of a phase and the tran-
sition temperature between two different phases both increase with
the atomic radius of the RE, owing to the fact that higher energies are
needed to allow the diffusion of the RE ions and their accommodation
in the lattice sites in order to form the crystalline structure.

The most studied silicates are those in which RE ions are in their
trivalent oxidation state, as in Er silicates [122]. However, attention
has been also devoted to the silicates containing divalent REs ions,
such as Eu2+. Several divalent Eu silicates exist, as shown in the
phase diagram of the binary system EuO-SiO2 reported in figure 4.1.
The existence of Eu2+ silicates, such as the orthosilicate Eu2SiO4 and
the metasilicate EuSiO3, has been established. Other important Eu2+

silicates are Eu3Si2O7 and Eu3SiO5 [125, 126].
The preparation of pure Eu silicate crystals needs high temperature

processing [128, 129]. For example, bulk Eu2SiO4 crystals have been
prepared at high temperature by chemical transport reaction [130].
In particular, Kaldis et al [131] have performed a process at 1800 °C
using HCl as a transport gas. Also EuSiO3 crystals synthesis have
been achieved by using processes at high temperature (about 1400
°C) [132].

The synthesis of Eu2+ silicates described above are therefore not
compatible with most of the modern technologies, because they are not
able to produce materials in the form of thin films and require very
high temperatures. On the other hand, the optical properties of Eu2+

silicates, which have been investigated in several works [126, 131? –
135], could become very interesting for application requiring efficient
light emitting materials, such as photonics and lighting.

Recently, new Eu2+ silicates fabrication processes have been de-
veloped. An example has been provided by Qi et al. [70], who have
grown Eu silicate thin films by sputtering of Si and EuSi2 targets on a
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Figure 4.1: Phase diagram of the SiO2/EuO system [127].

Si substrate. The formation of EuSiO3 and Eu2SiO4 compounds have
been demonstrated by x-ray photoelectron spectroscopy. The obtained
polycrystalline film has been excited electrically and exhibits a broad
emission in the 400-800 nm range, which has been assigned to the
transitions of Eu2+ ions. However, the true mechanism leading to the
observation of electroluminescence (EL) from a very thick (about 2
µm) insulating film remains quite unclear.

Eu2+ silicates light emission has been also obtained by Li et al.
[97] from Eu-doped Si-rich Si oxide films deposited by electron beam
evaporation and subsequently annealed at different temperatures. The
authors have found that the luminescence is due to radiative defects of
the oxide for samples annealed at low temperature and to the 4f65d-
4f7 transition of Eu2+ ions in EuSiO3 when the films are annealed at
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temperatures higher than 800 °C (figure 4.2). This transition is con-
firmed also by the evolution of photoluminescence (PL) decay lifetime
as function of the annealing temperature shown in the inset of fig-
ure 4.2 for temperatures higher than 800 °C the decay time strongly
increases, indicating a change in the nature of the emitting centers.

Figure 4.2: PL of Eu:SiOx films as a function of the annealing tempera-
ture. The inset shows the dependence of the PL decay-time on the annealing
temperature [97].

In this chapter a new synthesis of divalent Eu silicates, consist-
ing of an Eu2O3 thin film deposition on a Si substrate followed by a
proper thermal treatment, is proposed. After a short discussion on the
properties of Eu2O3 films, Eu2+ silicates formation and properties will
be investigated in detail. In particular, the evolution of their struc-
tural properties upon thermal annealing will be studied and correlated
with the characteristics of the PL emission in the visible region. The
conditions leading to a material exhibiting a very efficient room tem-
perature light emission, associated to the massive formation of Eu2+

ions, will be identified.
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4.3 Synthesis of Eu compound thin films

Eu2O3 thin films, about 120 nm thick, have been deposited by using
the UHV magnetron sputtering system already described in the previ-
ous chapters. The chamber base pressure was about 1·10−9 mbar. The
deposition has been obtained by RF sputtering of a 4 inches diame-
ter water-cooled Eu2O3 target (99.9% purity). The films have been
deposited on Si substrates kept at a temperature of 400 °C. The depo-
sition was carried out with a sputter up configuration in a 5·10−3 mbar
Ar atmosphere and a RF power of 200 W for 1 h. After deposition
samples were thermally treated in O2 or N2 ambient at temperatures
ranging from 600 to 1100 °C; a rapid thermal annealer was used for
annealing times ranging from 1 to 300 s while a conventional horizon-
tal furnace was used for thermal treatments of 1 h. The structural and
optical properties of both as deposited and annealed films have been
studied by x-ray diffraction (XRD), transmission electron microscopy
(TEM), energy filtered transmission electron microscopy (EFTEM)
and PL measurements.

XRD analyses were performed with a Bruker-AXS D5005 diffrac-
tometer by grazing incidence of a Cu Kα radiation.

Bright field and dark field TEM images were carried out with a
200 kV Jeol 2010 microscope, while EFTEM images were performed
with a 200 kV Jeol 2010F equipped with a Gatan Image Filter. 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 modulator at a frequency of
55 Hz. The PL signal was wavelength dispersed by a single grating
monochromator and detected with a Hamamatsu visible photomulti-
plier. Spectra were recorded with a lock-in amplifier using the acousto-
optic modulator frequency as a reference. All the spectra have been
measured at room temperature (RT) and corrected for the system
spectral response. PL lifetime measurements were performed by mon-
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itoring 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 excita-
tion (PLE) measurements in the 250-500 nm range were performed by
using a FluoroMax spectrofluorometer by Horiba.

4.4 Optical and structural properties of

Eu2O3 thin films

Figure 4.3 reports the BF XTEM image of an as-deposited Eu2O3 film
grown on a Si substrate by magnetron sputtering. The film, about 120
nm thick, is polycrystalline and exhibits a smooth interface with the
Si substrate. A native SiO2 layer (∼ 2 nm thick) is present at the
interface between the film and the substrate.

Figure 4.3: XTEM image of as-deposited Eu2O3 thin film on a Si sub-
strate. The arrow indicates the 2 nm thick native SiO2 layer.

In order to optimize its optical and structural properties, the as-
deposited film has been thermally treated. It should be taken into
account that one of the main problems when dealing with RE oxides
is their chemical reactivity with Si. In fact, interfacial reactions occur
when RE oxide thin films are thermally treated at high temperatures.
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Furthermore, annealing ambient plays an important role to control
the reaction between RE oxides and Si. This phenomenon is evident
by comparing figure 4.3 with figures 4.4a and 4.4b, where bright field
XTEM images of an Eu2O3 film annealed at 1000 °C in O2 for 1 h and
30 s, respectively, are shown. It is evident that the thermal process
has induced relevant structural modifications.

Figure 4.4: XTEM image of as-deposited Eu2O3 thin film on a Si sub-
strate. The arrow indicates the 2 nm thick native SiO2 layer.

Considering the sample annealed for 1 h (figure 4.4a), the result-
ing film is about 140 nm thick, has an increased interface roughness,
and it is composed by two distinct layers, one at the surface and the
other at the interface with the Si substrate, having a thickness of ∼

100 and 40 nm, respectively. Similar results can be observed in the
film annealed for 30 s (figure 4.4b), where, due to the shorter anneal-
ing time, the interfacial layer is thinner by about a factor of 2. We
can conclude that the result of the thermal process performed in O2

atmosphere is an oxidation process, which corresponds to an incre-
ment of the interfacial SiO2 layer thickness. In order to study the
films structural properties after the O2 thermal treatment, dark field
XTEM have been performed on the sample annealed for 1 h and are
shown in figure 4.5a. The film appears to be polycrystalline, and it is
possible to distinguish two different layers, similarly to what observed
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in figure 4.4a. To investigate the chemical composition of the two lay-
ers, EFTEM analysis have been performed on the same sample. By
using the 3-windows method, chemical maps of O, Eu and Si have
been obtained by using the K edge of O at 532 eV, the NIV edge of
Eu at 132 eV and the LII,III edge of Si at 99 eV. From the analysis
of the chemical maps (not shown) we note that Eu and O are present
throughout the film thickness. On the other hand, as shown in the Si
map reported in figure 4.5b, Si is present only in the interfacial layer
while in the surface layer only Eu and O are present. This suggests
us that the upper layer corresponds to a crystalline Eu2O3 film, while
the simultaneous presence of the 3 elements in the interfacial layer
demonstrates the occurrence of a mixing between film and substrate,
induced by the high temperature annealing. In fact the thermal pro-
cess induces at the same time O2 diffusion from the annealing ambient
throughout the film, a reaction between O and the Si substrate to form
SiO2, and the increment of Eu mobility, leading to a diffusion of Eu
into the SiO2 layer.

Figure 4.5: TEM analysis of Eu2O3 film annealed at 1000 °C for 1 h in
O2: (a) cross-section dark field TEM image and (b) chemical map of Si,
obtained by using LII,III edge of Si at 99 eV.

A detailed study of the crystalline structure of the annealed Eu2O3

films was performed by XRD. By grazing angle incidence (θ = 1◦)



113 Chapter 4: The Eu compound approach

measurements, a XRD spectrum in the range of diffraction angles (2θ)
from 18◦ to 60◦, is obtained. In figure 4.6 the diffraction spectra for a
Eu2O3 film deposited on Si and annealed at 1000 °C for 1 h (black line)
and 30 s (blue line) are shown. Almost all the peaks of the spectra,
marked with red circles, are related to the monoclinic Eu2O3 phase,
for both the annealed samples.

Figure 4.6: XRD spectrum for Eu2O3 films annealed in O2 at 1000 °C for
1 h (black line) and 30 s (blue line). The peaks labelled with red dots are
related to the monoclinic Eu2O3 phase.

In spite of the high reactivity of Eu ions towards Si and O to
form Eu silicates, XRD analysis does not allow to identify any specific
Eu/Si/O phase; in the absence of any clear XRD signature, we have to
conclude that the interfacial layer is essentially an amorphous Er/Si/O
mixture.

It is well known that annealing treatments in O2 ambient can im-
prove the optical properties of RE oxide thin films, due to the reduc-
tion of the defect density and to the optimization of oxide stoichiom-
etry [136]. We have studied the room temperature light emission of
Eu2O3 films deposited on Si substrates by pumping with the 325 nm
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line of a He-Cd laser with a pump power of 3 mW. The emission spec-
trum, shown in figure 4.7 for samples as-deposited and annealed at
different temperatures (in the 600-1000 °C range) is the one typical of
Eu3+.

Figure 4.7: Room temperature PL spectra for Eu2O3 films as-deposited
and annealed in O2 at temperatures in the 600-1000 °C range. In the inset
the dependence of the integrated PL intensity on the annealing temperature
is shown.

For all the annealing temperatures the main peak, corresponding
to the 5D0 →

7F 2 transition, is detected at 622 nm, with a FWHM
of about 10 nm. The other less intense peaks at about 595, 655 and
708 nm correspond to 5D0 →

7F J transitions of Eu3+ ions in solid
matrices, with J = 1, 3 and 4, respectively. Although the shape of
the PL spectra appears almost unchanged at the various annealing
temperatures, a variation of the peak intensity (as shown in the inset
of figure 4.7) is present. All the thermal treatments lead to higher PL
intensities with respect to the as-deposited sample. More in detail,
although the maximum PL signal is reached at 750 °C (this signal is
higher by about a factor of 3 than that of the as-deposited film), the
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PL intensity remains almost constant within a quite wide temperature
range (600-900 °C); a noticeable decrease by about a factor of 2 is fi-
nally seen at 1000 °C, due to a loss of optically active Eu ions into the
layer formed at the Eu2O3/Si interface, as demonstrated by figures 4.4
and 4.5. We can conclude that the increment of PL intensity observed
for annealing temperatures in 600-900 °C range is related to an im-
provement of the Eu3+ crystalline environment and to a reduction of
the defects density (that quench the Eu3+ emission), both due to the
O2-thermal treatment.

These data allow us to understand the specific chemical role played
by the annealing environment in the thermal evolution of Eu2O3. In-
deed, the presence of O2 activates a process of oxidation of the Si
surface; this process competes with the Eu2O3/Si reaction and slows
it down, as demonstrated by the fact that, also after a long annealing
process at 1000 °C, most of the Eu2O3 film is unaffected. Therefore,
O2 annealing treatments produce an Eu2O3 thin film with optimized
stoichiometry and structure, and with optical features fully compatible
with the presence of Eu3+ ions.

4.5 From Eu2O3 to Eu2+ silicates thin films

In order to further investigate the role of the annealing ambient in
determining the structural and optical properties of Eu2O3 thin films,
samples have been also annealed in N2 ambient at temperatures be-
tween 900 and 1100 °C and for times in the 1 - 300 s range. Figure
4.8a shows the BF XTEM images of the sample annealed at 1000 °C
for 30 s. After the thermal process, the Eu2O3 film becomes thicker
(about 170 nm), and two sublayers, labeled in the figure as A (surface
sublayer) and B (interfacial sublayer), can be distinctly recognized.
EFTEM measurements indicate that none of the two sublayers is pure
SiO2. Indeed, in absence of any interfacial SiO2 layer acting as dif-
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fusion barrier as in the case of O2-annealed sample (figure 4.4), the
strong reactivity between Si and Eu2O3 is activated and Si atoms can
diffuse inside the film. This is demonstrated in figure 4.8b, showing
the Si, O and Eu chemical maps of the N2-treated film, obtained by
EFTEM. The images were taken by selecting electrons which have lost
99 eV in the case of Si (corresponding to the LII,III edge), 532 eV in
the case of O (corresponding to the K edge) and 132 eV in the case
of Eu (corresponding to the NIV edge). EFTEM data demonstrate
that the interface between sublayers A and B evidenced by TEM cor-
responds to a quite abrupt variation of the concentration of the three
elements. In particular, sublayer B is characterized by an appreciable
Si concentration and has a higher O content and a lower Eu content
than sublayer A.

Figure 4.8: XTEM images of Eu2O3 films treated at 1000 °C for 30 s
in N2. (a) BF image; (b) EFTEM maps of Si (on the left), O (in the
middle) and Eu (on the right). EFTEM images refer to the same region of
the sample. The arrows highlight the correspondence between the A and B
sublayers in the TEM image shown in (a) and the regions with a different
composition in the EFTEM images in (b).
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The crystalline structure of the films was studied by XRD. As
shown in figure 4.9, the as-deposited film exhibits a diffraction spec-
trum mainly consisting of peaks belonging to the monoclinic Eu2O3

phase [137]. However, also a few peaks belonging to the sub-stoichiometric
oxide Eu3O4, accounting for the small O deficiency which may char-
acterize oxide films grown by sputtering, are identified [138]. Figure
4.9 also reports the XRD spectrum of a film treated at 1000 °C for 30
s in N2; peaks assigned to Eu2O3 are still present, but new peaks, cor-
responding to the monoclinic orthosilicate Eu2SiO4 [139], appear. The
presence in the XRD spectrum of two different crystalline compounds
(Eu2O3 and Eu2SiO4), coupled with the bilayered structure shown by
TEM, suggests that the surface sublayer A mainly contains unreacted
Eu2O3, since no appreciable Si diffusion occurs in this region. In the
interfacial sublayer B the high Si concentration determines a reaction
with Eu2O3 to form Eu orthosilicate. By increasing the annealing
time, the Si diffusion length into the Eu2O3 film increases, and Si can
therefore more extensively react with Eu2O3, as demonstrated by the
XRD spectrum of the sample treated at 1000 °C for 300 s in N2. In
this last case, Eu2SiO4-related peaks are still present, but also peaks
corresponding to the metasilicate EuSiO3 [140] are found, while peaks
corresponding to Eu2O3 disappeared.

It is strongly remarkable that, in both the silicates detected by
XRD (Eu2SiO4 and EuSiO3), Eu is in its divalent state, Eu2+, while
in the as-deposited film (Eu2O3), according to the target composition,
almost only Eu3+ ions are present. Usually, Eu3+ −→ Eu2+ reduction
in glasses is accomplished by exploiting gaseous reactants such as H2

[141] or CO [105]; in the previous chapter we also showed that C
contained in SiOC films can act as a reducing agent for Eu3+. In
this case, Eu3+ reduction is due to a solid-state reaction involving the
elemental Si (which, in turn, is oxidized) diffusing inside the Eu2O3

film.
A possible explanation for Eu2+ silicates formation in N2-treated
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Figure 4.9: XRD spectra of Eu2O3 films as-deposited and annealed at
1000 °C for 30 s and 300 s in N2.

Eu2O3 is sketched in figure 4.10. Figure 4.10a represents the annealing
process performed for 30 s: Si atoms can diffuse in the region of the
film closer to the substrate, react with Eu2O3, and, in agreement with
figures 4.8 and 4.9, forms Eu2SiO4, while the surface region is almost
unaffected. By increasing the annealing time at 300 s (figure 4.10b),
Si concentration in the Eu2O3 film increases, leading to the formation
of EuSiO3, in agreement with the SiO2/EuO phase diagram (figure
4.1) and the XRD data of figure 4.9.

Figure 4.11a shows the room temperature PL spectrum of an Eu2O3

sample annealed at 1000 °C in N2 ambient for 30 s (blue line). The
sample exhibits a very bright emission, consisting of a broad band
(FWHM of about 95 nm) having the maximum at about 590 nm.
This broad emission is assigned to the 4f65d −→ 4f7 transitions of
Eu2+ ions [97, 142], confirming the presence of Eu2+ ions in the Eu
silicates formed during the N2 annealing treatment, in agreement with
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Figure 4.10: Schematic representation of Eu2+ silicates formation during
annealing processes for (a) 30 s and (b) 300 s at 1000 °C in N2.

XRD data of figure 4.9. The Eu2+ transition is dipole-allowed and pro-
duces a very intense PL emission, visible by naked eye, shown in the
photo of figure 4.11b. This emission is much more intense (by more
than three orders of magnitude) than the forbidden intra-4f transitions
characterizing Eu3+ ions of the as deposited thin film (green line), as
shown in figure 4.11a.

In figure 4.12 the room temperature PL spectra of Eu2O3 samples
annealed at 1000 °C in N2 ambient for times ranging from 1 to 300 s
are shown. The spectrum lineshape does not change by changing the
annealing time, while the intensity increases by increasing the anneal-
ing time. We have also explored the dependence of the PL intensity on
the annealing temperature for a fixed annealing time of 30 s; the data
are reported in the inset of figure 4.12 and demonstrate that 1000
°C is the temperature that maximizes the PL emission. Both time
and temperature dependence of the PL signal are in agreement with
the model discussed above and sketched in figure 4.10. Indeed, by in-
creasing the time or the temperature, Si diffusion inside the Eu2O3 film
increases, with the consequent increase of the concentration of Eu2+
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Figure 4.11: (a) Room temperature PL spectra (obtained by exciting with
the 325 nm line of a He-Cd laser) of Eu2O3 films as-deposited (green line)
and annealed at 1000 °C for 30 s in N2 (blue line). (b) Photograph of
sample annealed at 1000 °C for 30 s in N2 having an area of about 1 cm2,
excited by the 364 nm line of a fully defocused Ar+ laser beam, showing a
bright orange PL emission cleary visible by the naked eye.

silicates, which in turn leads to an enhancement of the PL intensity.
For longer annealing times, up to 1 h, or temperatures higher than
1100 °C, a massive diffusion of Si inside the whole Eu2O3 film occurs,
leading to the formation of highly disordered regions where PL signal
is quenched. From decay time measurements, same life time value,
for samples annealed at different conditions, has been found, confirm-
ing that the PL quench is not due to the presence of non-radiative
channels, as such as defects, but can be ascribed to the presence of
optically inactive Eu centers in that regions, as discussed above.

It is noteworthy that the brightest silicates sample (the one an-
nealed at 1000 °C for 300 s in N2) shows an external quantum effi-
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ciency of about 10%, which makes this material of great interest for
applications in photonics or in lighting.

Figure 4.12: Room temperature PL spectra of Eu2O3 films annealed at
1000 °C in N2 for times ranging from 1 to 300 s. The inset shows the
dependence of the integrated PL intensity on the annealing temperature for
processes performed for 30 s in N2

Further information on the nature of Eu emission can be obtained
by time-resolved PL measurements. Figure 4.13a shows the PL time-
decay curve of Eu2O3 sample annealed at 1000 °C for 30 s in N2

ambient, detected at a wavelength of 580 nm, corresponding to the
maximum of the PL spectrum. Moreover, in figure 4.13b, the PL time-
decay curve of the as-deposited Eu2O3 film, detected in correspondence
of the emission peak at 620 nm, is displayed. It should be noticed that
in figure 4.13 very different time scales have been used: for the N2-
treated sample (figure 4.13a) the time scale is in µs, while for the
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as-deposited one (figure 4.13b) it is in tens of ms. By fitting the
time-decay curves with a single exponential, we obtain lifetime values
of about 0.36 µs for the Eu2+ silicate phases formed in N2 ambient,
and of about 3.7 ms for as deposited Eu2O3. This large difference in
the τ values is in agreement with the different nature of the involved
transitions: in the case of Eu2+ silicates the transitions are dipole-
allowed, while in the case of Eu2O3 are forbidden.

Figure 4.13: Room temperature PL time-decay curves of Eu2O3 films (a)
annealed at 1000 °C for 30 s in N2 (b) and as-deposited, measured at 580
and 620 nm, respectively. It should be noted the different time scales used
in panel (a) (µs) and (b) (tens of ms).

The excitation properties of Eu2O3 films have been investigated by
PLE measurements and are reported in figure 4.14. PLE spectra were
obtained by integrating the PL peaks of the samples in the same range
and by changing the excitation wavelength in the 250-500 nm range.
The PLE spectrum of the as-deposited sample exhibits an intense
excitation band for wavelengths lower than 300 nm, due to charge
transfer transitions [143, 144]. These findings hold for all samples
exhibiting an Eu3+ emission. On the other hand, N2-treated samples
(the figure in particular refers to an annealing at 1000 °C for 300 s)
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exhibit the typical PLE spectrum of Eu2+, characterized by a very
intense and broad excitation band centered at about 350 nm, due to
4f65d −→ 4f7 transitions [105, 142].

Figure 4.14: Room temperature PLE spectra of Eu2O3 films as-deposited
and annealed at 1000 °C for 300 s in N2. Spectra were taken by integrating
the PL peaks obtained for different excitation wavelengths.

The intriguing dependence on the annealing process of the PL
properties of Eu2O3 has been fully explained by the above discussed
TEM and XRD structural data (figure 4.8 and 4.9). As-deposited and
O2-treated films are essentially pure Eu2O3 and, accordingly, exhibit
the typical red emission of Eu3+ ions. On the other hand, the Eu2+

silicates formed in N2-treated films exhibit a broader and much more
intense PL signal.

The possible co-existence of Eu2+ and Eu3+ in N2-annealed films
remains a partially open question. Residual Eu2O3 is still detected in
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the XRD spectrum of the Eu2O3 film annealed for 30 s, but, given
the extremely different PL efficiency of the two Eu species and the
overlap of the corresponding PL spectra, it is not surprising the ab-
sence of any Eu3+ contribution to the PL spectrum which is covered
by the overwhelming Eu2+ contribution. This is even more obvious
in the case of the annealing for 300 s, where no XRD peaks relative
to Eu3+ compounds were detected. We remark also that no Eu3+ PL
signal has been obtained by using an excitation wavelength of 275
nm, corresponding to an enhanced excitation efficiency for Eu3+ by
about a factor of 30. Therefore, although the occurrence of the almost
complete Eu3+ −→ Eu2+ reduction suggested by XRD is a reasonable
hypothesis, the presence of crystalline Eu3+ compounds concentra-
tions below the detection limit of XRD, as well as of amorphous Eu3+

compounds, cannot be excluded a priori, also in the absence of any
optical evidence.

4.6 Conclusions

This study demonstrates that annealing parameters deeply influence
the structural and optical properties of Eu2O3 thin films grown by
magnetron sputtering on Si substrates.

Annealing in oxidizing atmosphere at temperatures below 1000 °C
for 1 h leads to an improvement of the film structure and composi-
tion and, in turn, to the maximization of the Eu3+ PL signal. If the
temperature is increased up to 1000 °C, a film-substrate intermixing
occurs but no crystalline silicate phases are formed. In this condi-
tions, Eu2O3 shows a partial quenching of the PL signal, due to a loss
of optically active Eu ions.

If the annealing ambient is changed to N2, a completely different
behaviour is found. Thermal treatments induce Si diffusion inside the
Eu2O3 film; Si is then able to reduce the Eu3+ ions to Eu2+ and crys-
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talline Eu2+ silicates are finally formed. It has been shown that the
nature and structural and optical properties of Eu2+ silicates can be
controlled by varying annealing time and the temperature. In particu-
lar, for annealing at 1000 °C for 30 s in N2, an extremely strong room
temperature PL emission from Eu2+ ions has been obtained, char-
acterized by a very high external quantum efficiency of about 10%.
This high efficiency is due to the high concentration of optically active
centers, to the fact that Eu2+ is more easily and efficiently excitable
than Eu3+ through a broad excitation band, and to the nature of
Eu2+ ions, which show dipole-allowed optical transitions. These data
demonstrate that it is possible, through a proper tuning of the syn-
thesis process, to obtain Eu compounds which are very efficient light
emitters in the visible region at room temperature, opening the way
to new promising perspectives for applications of Eu-based materials
in photonics and in solid state lighting.





Summary

Aim of this thesis has been the study of novel approaches to obtain Eu-
based thin films able to emit light in the visible range, for application
in lighting and Si photonics.

Among the various rare earth ions, a particular attention is cur-
rently devoted to Eu, because of its peculiar chemical and optical
properties. Indeed Eu is stable both in its trivalent and divalent oxi-
dation state; Eu2+ ions are characterized by a very intense and broad
emission band, tunable in all the visible range, which can be of inter-
est for many technological fields, while Eu3+ ions present less intense
and sharp emission peaks at ∼ 600 nm. In this thesis, two different
approaches able to take advantage of the properties of Eu ions have
been presented: i) the doping approach, which fully exploits the many
advantages offered by a Si oxycarbide (SiOC) host matrix, and ii) the
compound approach, which mainly focuses on Eu silicates. By cen-
tering the attention on host matrices compatible with Si technology,
Eu-doped SiO2 is a widely studied system, but its perspectives are
quite poor, since the low Eu solid solubility in SiO2 strongly limits the
concentration of optically active Eu ions. On the other hand, it has
been demonstrated in this thesis that a SiOC matrix is able to enhance
the solubility of Eu ions by two orders of magnitude with respect to
SiO2, and simultaneously acts as an efficient reducing ambient for Eu
ions, which are indeed stabilized in their divalent oxidation state. As
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a result, Eu-doped SiOC shows a very strong room temperature PL
emission in the visible range, which is more than two orders of mag-
nitude more intense than that one of Eu-doped SiO2. Furthermore,
the occurrence of an energy transfer mechanism between the SiOC
matrix and Eu2+ ions increases the efficiency of photon absorption for
excitation wavelengths shorter than 300 nm.

Due to this properties Eu-doped SiOC offers great potentialities
for the fabrication of light sources. In this thesis a continuous redshift
of the emission peak from 400 to 600 nm by increasing the Eu concen-
tration has been reported, allowing to consider this material a tunable
light source. Furthermore, Eu2+ properties have been also used to re-
alize a white light source, through the synthesis of a bilayer consisting
of two SiOC films doped with different Eu concentrations. Through
a proper choice of the annealing temperature, and taking advantage
of the dependence of the PL peak position on the Eu concentration,
an intense white emission at room temperature has been obtained.
The CIE chromaticity coordinates of the emission are (0.33, 0.36), to
be compared with those relative to an ideal white emission which are
(0.33, 0.33), and the calculated color rendering index is 91/100.

The notable properties of Eu-doped SiOC films may find applica-
tion in solid-state lighting or in Si photonics. These applications re-
quire further studies on the influence of C concentration on the films
structural and optical properties, to obtain an increment of the optical
efficiency of Eu-doped SiOC; furthermore, SiOC films with a higher C
content are expected to show a significant electrical conduction, mak-
ing possible the electrical excitation of this material. As far as lighting
is concerned, Eu-doped SiOC may represent a possible alternative to
III-V semiconductor LEDs, which require an expensive technology for
their fabrication process. Indeed blue emitting materials are widely
applied in lighting technology, not only as the blue component in mul-
ticolor LEDs, but also as excitation source of phosphors. Therefore the
availability of new efficient blue light sources is of great importance



129 Summary

for further developments in lighting technology. Furthermore, since
SiOC is a Si-based material, it can be well coupled with the existing
Si technology, opening the way also to possible photonic applications.

The second approach discussed in this thesis is based on the syn-
thesis of Eu compounds by thermal processing of Eu2O3 thin films
deposited by RF magnetron sputtering on Si substrates. It has been
shown that annealing processes in N2 ambient lead to a complex re-
activity at the Eu2O3/Si interface, which induces Eu3+ −→ Eu2+ re-
duction and formation of stable Eu2+ silicates (Eu2SiO4 and EuSiO3).
These materials show a very strong and broad room temperature emis-
sion peaked at 590 nm, with a very high external quantum efficiency
∼ 10%. This result is very impressive, especially if we consider pre-
viously reported data for Eu silicates grown with different methods,
in which an external quantum efficiency of 0.1% has been observed.
Also in this case, further investigations on the possibility to electri-
cally excite these materials can open unexpected perspectives for their
application in photonics or in solid state lighting.

The results shown in this thesis demonstrate that Eu-doped SiOC
and Eu silicates have the potentialities for becoming the building
blocks of future devices for lighting and photonics. The development
of suitable strategies for obtaining an electrical excitation in both kind
of materials, coupled with a full comprehension of the dependence of
their optical properties and structural features on growth conditions
and post-growth processing will be able to drive a complete transition
of these materials from research laboratories to devices for every-day
life.
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