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“I do not know what I may appear to the world, but to 

myself I seem to have been only like a boy playing on the

seashore, and diverting myself in now and then finding a 

smoother pebble or a prettier shell than ordinary, whilst the 

great ocean of truth lay all undiscovered before me.”

“Non so come il mondo potrà giudicarmi ma a me sembra 

soltanto di essere un bambino che gioca sulla spiaggia, e di 

essermi divertito a trovare ogni tanto un sasso o una 

conchiglia più bella del solito, mentre l’oceano della verità 

giaceva inesplorato davanti a me.”

Sir Isaac Newton
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Chapter 1: Silicon compatible materials for 

photonic applications

For almost 50 years, silicon microelectronics has been the engine of 
the modern information revolution, owing to the advent of the 
nanotechnology era that has produced always faster, cheaper, smaller and 
more performing devices inside the same silicon chip. However its fortune 
might be coming to an end. Indeed, as a consequence of the continuous 
reduction in size, much longer electrical interconnects are required, thus 
leading to an increase of signal delays and to electromagnetic interferences 
that cause power dissipation and limit the total performances of a chip.

A possible solution to this problem can be obtained by replacing the 
electrical interconnections with the optical ones by the realization of a 
totally integrated photonic circuit on a silicon platform. For this reason, 
recently strong efforts have been devoted to the development of the main 
constituents of a photonic circuit, such as waveguides, splitters or 
multiplexers, detectors, etc. However there is still a lack of integrated
infrared light sources that are required to generate logic value 1-0 and to 
compensate the optical losses in waveguides. In addition recently also the 
demand for efficient integrated visible light sources for LEDs, displays and 
lab-on-chip applications is increasing. Different strategies have been 
proposed to satisfy these requirements and will be reviewed in the following
chapter, by evidencing their strengths and their limits.

In order to further increase the efficiency of these light sources and to 
realize integrated photonic circuits, their coupling with passive devices, such 
as SOI or plasmonic waveguides and photonic crystals, has been recently 
proposed owing to the existence of several interesting effects. Two 
completely different approaches will be pursued in this thesis work: (i) the 
synthesis of silicon compatible REs compounds in which the REs amount can 
be varied in a continuous way increasing the efficiency of the light source 
without suffering from detrimental effects and (ii) the contemporary 
introduction of post-transition metals as either strong emitting elements in 
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the visible range or as sensitizers for the infrared emission, thus suggesting 
these materials as good candidates for an integrated light source on silicon.
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1.1. Silicon Microphotonics

The modern information revolution is requiring always faster, smaller 

and more performing constituents to be integrated in our modern personal 

computers and smartphones. However a further downscaling of the 

dimensions by maintaining high the performances is going to become 

impossible in silicon microelectronic devices. In this section, a brief 

overview of Si microelectronics and its limits will be addressed and Si 

microphotonics will be proposed as a possible technological solution for 

devices.

1.1.1.Silicon Microelectronics and its limits

For almost 50 years, silicon microelectronics has been the engine of 

the modern information revolution. Since silicon is the second most 

abundant element on earth after oxygen, with a high refractive index of 3.47 

at 1550 nm and transparent to infrared light with wavelengths above 

approximately 1100 nm, silicon wafers have still the lowest costs per unit 

area and the highest crystalline quality. In addition silicon large thermal 

conductivity, hardness, and low density are useful properties for

semiconductor devices fabrication [1]. Complex microprocessors, dense 

memory circuits and other digital and analogic electronic devices mainly 

have the aim to process more and more data in a faster way using smaller 

components.

Indeed, since the development of the first transistor, a process of 

miniaturization started, moving to a huge size scaling towards the years that 

have brought the number of components inside the same chip to increase 

very fast. In particular a doubling of the number of transistors per chip every 
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18 months was observed by Moore [2] during the five years 1959-1965 and a 

grown trend was predicted up to 1975. Moreover this growth has maintained

the same rate up to now by causing a total drop of the transistor price, from 

$5.52 dollars in 1954 to one billionth of a dollar in 2005.

In this contest, silicon industry has successfully developed a 

complementary – metal – oxide semiconductor (CMOS) technology in order 

to realize silicon integrated circuit (IC) with many components grown 

monolithically in the same chip, in order to process, transfer and modulate 

the information with always increasing data rates. An example of the 

evolution of the Si IC since the development of the first prototype by Noyce 

and Kilby (1961, that gave the Nobel Prize to Noyce in 2000) is shown in 

Fig. 1.1 compared with a modern silicon wafer covered by billions of 

transistors [3].

Figure 1.1. a). First integrated circuit available as a monolithic 
chip invented by Fairchild Camera and Instrument Corp in 1961
[3]. b) Intel Core, 1.3 billion transistors per chip (2015) [4].

CMOS technology is now arrived to the sub-10 nm range and future 

scaling trends have been predicted by the International Technology 

Roadmap for Semiconductors (ITRS [5]). Today gate oxide length is

expected to reach at least 7 nm, but in such small dimensions some other 

issues have to be taken into account, as the inexistence of practical solutions 
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for interconnections to contact such small atomic nodes by maintaining high 

the device performances and contemporarily lowering the power 

consumption [6]. Therefore the problems of microelectronic downsizing 

relies on the die integration into circuits in which the transfer of the 

information is given by metallic interconnections. The resistance and 

capacitance increase by increasing the length of the metallic stripes, resulting 

in an increasing resistive-capacitive delay (RC delay) that limits the total 

device speed even if the intrinsic gate delay is decreasing by shrinking its

dimension. Figure 1.2 shows the comparison of the gate delay with the delay 

for two different metallic connections versus gate length. This limit is known 

as the interconnection bottleneck [7].

Figure 1.2. Comparison of the predicted gate delay and 
interconnect propagation delay in transistor versus technology 
generation [8].

Microphotonics has been proposed as a possible solution in order to 

overcome the microelectronic limits for interconnections. The idea is to use 

photons instead of electrons to carry and process the information, permitting 

much higher data rates compared with metallic wires. This approach is 
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already commercially available for long scale communication systems; in

particular for data rates over 1 Gbps and distances exceeding 100 m, optical 

interconnection as silica optical fibers [9] have already developed. Using 

proper wavelength division multiplexing (WDM) systems (which multiplex

a number of optical carrier signals onto a single optical fiber by using 

different wavelengths of a laser, enabling multiplication of capacity), optical 

systems are able to transmit many channels of data along a single fiber;

systems with 40 different wavelengths, related to different information

travelling at 10 Gbps, are commercially available and implemented at 

various points in the world wide telecommunication backbone.

The limits of photonics relies in the cost of the traditional optical 

systems, that are so expensive principally for the used exotic materials and

for its fabrication technology, mainly based in discrete components and 

serial (step-by-step) fabrication instead of a monolithic one. Since electrical 

components are built by the standard CMOS technology that is globally 

optimized to bring the system costs down, the “Holy Grail” of photonics 

would be the integration of optical communication systems into a CMOS 

platform in order to deliver the superior performance of optics at the same 

cost as electronics.

To keep the cost low, however photonics has to satisfy some 

requirements, as the coexistence with CMOS materials (generally Si-based) 

[7] and the compatibility with CMOS processing steps and temperatures.

The solution could be than to merge electronics and photonics into an 

integrated dual-function Si platform, called optoelectronic integrated circuit 

(OEIC) fabricated using the Si infrastructure.

With this purpose, in the last decades strong efforts have been devoted 

to the research of Si-based photonics materials and devices in order to 
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implement photonics into electronics. Even if nowadays it is already possible 

to find several photonic commercialized devices for long scale 

telecommunication systems, issues are still present in smaller scale, as in the

connection between circuit boards, chips inside board and even between dies 

in the same chip.

In the next sections, a brief introduction on Si microphotonics IC and 

its constituent parts will be given, pointing on the newest results.

1.1.2. The building blocks of Si photonic integrated 

circuits (PICs)

The monolithic integration of Si photonic devices and CMOS 

electronics was proposed mainly to create highly dense circuits with lower 

costs. One example of totally integrated photonic circuit is shown in Fig. 1.3 

where the merging of the basic building blocks of a silicon photonic 

integrated circuit (PIC) with electronics components is proposed [10].

Figure 1.3. a). Schematic representation of a totally integrated 
photonic circuit with electronic and photonic components both 
coexisting in the same chip [10].

Modulators
Mirrors

Optical Fiber

Laser

Photodetector

Electronics
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Although PICs offer several advantages for Si photonics, they also

introduce complexity in the integration process due to the dimensional

mismatch between the sub-100 nm size of electronic devices and the 0.1–1

m size of photonic components, makes challenging the optimization of this 

coupling.

Among the PICs component (known also as building blocks), it is 

possible to distinguish between passive components, as waveguides, filters 

and directional couplers, so defined because no source of energy is required 

for them to operate, and the active ones, that require an external source of 

energy for its operation and have an output related to the input signals, as Si

modulators, detectors, lasers [11].

The passive components are used to transmit, switch, encode and 

carry light up to a detector where the optical signal is converted into an 

electronic one. During the past decades, strong efforts have been made on 

the development of light modulators and Si waveguides and the optimization 

of the fiber-to-waveguide coupling. Couplers such as inverted taper, made 

by a Si core and a SiO2 or a polymer cladding with the aim to expand or 

reduce the optical mode in order to match the modal size of the fiber, or such 

as grating, where the periodic structure assists the light coupling, have been 

already widely studied [11,12].

Utilizing these building blocks, Intel researchers announced in 2010 

the first complete Si-based PIC, shown in Fig 1.4 [13]. The complete device

includes two silicon chips, a transmitter and a receiver. The transmitter is 

composed by hybrid Si lasers connected with four optical channels, each 

running at 12.5 Gbps, which are combined by a passive multiplexer onto a 

single fiber to transmit data up to 50 Gbps to the receiver where a 
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demultiplexer and a set of four integrated photodetectors collect the light and 

convert it into an electrical data stream.

Figure 1.4. A 50 Gbps Silicon Photonics transmit module (left) 
sends laser light from the silicon chip at the center of the green 
board to the receiver module (right), where a second silicon chip 
detects the data from the laser [13].

Despite this important example in Si integrated data connection, the 

biggest issue remains unsolved, i.e. the realization of efficient active Si

compatible emitting devices. Indeed while also Si-based modulators [14] and 

photodetectors [15] are already optimized, light sources as light emitting 

devices (LEDs) and lasers coupled with active waveguides and optical 

amplifiers are still under extended and dynamic investigation. The most 

recent and important examples will be discussed in the following sections.
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1.2. Silicon-based light source: from materials to devices

Since the development of the first monochromatic red LED using 

GaAsP semiconductor in the sixties, the LED efficiency is strongly 

increased, especially in the last years, owing to the development of more 

performant technologies and to the increase of the demand. Nowadays 

colored LEDs have already become the technology of choice for traffic 

signals, interior and exterior vehicle lighting, replacement of neon, etc. 

Today further applications are raising, from the backlights for cell phone 

displays and huge flat panel television, to the lab-on-chip and sensor systems 

for use in biotechnology, pharmaceutical, biomedical research, clinical 

diagnosis and environmental analyses. From a technological standpoint, 

high-efficiency LEDs integrated on the Si platform would be a great result 

[16,17]. In addition such devices could offer significant advantages over the 

standard light sources in terms of costs, compatibility, reproducibility, etc. In 

the next section, the state of art of the emitting materials for LED and field 

emission displays (FED) applications will be discussed; then the attention 

will be pointed in the development of new approaches for Si visible and 

infrared integrated light sources.

1.2.1.Visible light emitting materials and devices: state of art

LEDs are optoelectronic devices consisting of multiple components,

grouped in die and packaging parts. The die is composed by a thin single 

crystal layer of a semiconductor p-n junction that generates the emitted light 

after electrical stimulation (responsible of the internal quantum efficiency,

IQE). The packaging contains instead electrodes, thermal dissipation 
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components, optical lenses, that influence the external light extraction (hence 

responsible of the extraction efficiency, EXE).

LEDs are small, present a high luminous efficacy, and exhibit a long

lifetime and low energy consumption compared to usual lighting devices. 

These solid state lighting components will be of major interest worldwide 

from an economic and environmental point of view. Efficacy (150 lm/W) 

and lifetime (50,000 h) [18] are the two main advantages in comparison with 

the most conventional sources. Note that the incandescent lamps, commonly 

used up to some years ago for the standard lighting, yield only the 5% of

visible light, most of the rest being dissipated in infrared radiation (heat).

Owing to the recent technological advances, the function of LEDs has 

shifted from displays to lightning since they are approaching (and 

overcoming) the optical properties of the other light sources, as shown in 

Fig. 1.5 [20].

Figure 1.5. Schematic illustration of the evolution of LEDs
performances compared to the conventional light sources
luminous efficacy [20].
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Nowadays, the already commercialized LEDs are mostly made from 

III–V semiconductors, due to their high IQE, result of their direct band gap.

In addition the advances in their development have allowed a fine tuning of

the emission wavelength from the UV to the infrared (IR) by using 

semiconductors with a suitable band gap. A restriction of these types of 

LEDs is the difficulty to realize p- or n-doping, which is essential to have a 

LED. LEDs are nowadays mainly based on III-phosphide semiconductors,

that exhibit high efficiency in the red but very scarce at shorter wavelengths

due to the weak carrier confinement and to the indirect minima in the 

conduction band. Another developed class is the III-nitride systems that have 

high efficiency in the UV-blue but suffer from losses for longer 

wavelengths, owing to defects and dislocations [18]. This behaviour is 

clearly represented in Fig. 1.6 where the external quantum efficiency (EQE= 

IQE×EXE) is shown as a function of the emitted wavelength. 

Figure 1.6. External quantum efficiency versus the emitted 
wavelength for the standard used semiconductor materials for 
LEDs. The eye response V( ) is also shown [18].
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Even if efficiencies of the order of 50-70% have been obtained for red 

and blue LEDs, the efficiency of the green LEDs, where the eyes response 

V( ) has a maximum, is still very low. Thus there is a lack of green sources 

for LED applications, called as the “green gap”.

This “green gap” also affects the realization of white LEDs (WLEDs).

Indeed one of the most used approaches to realize WLEDs is to mix red, 

green and blue LEDs. This approach, shown in Fig. 1.7.a), has some limits

related not only to the absence of efficient green LEDs but also to their

different efficiencies in time (aging) and their intrinsic narrow emissions.

This results in a poor colour rendering index (CRI), defined as the ability of 

a light source to accurately render all frequencies of its colour spectrum 

when compared to a perfect reference light. Alternatively, white LEDs can 

be produced starting from a monochromatic UV-blue LED combined with 

phosphors (phosphors converting LEDs), materials containing emitting 

elements generally in the form of powders. The phosphors are luminescent 

materials able to convert light from lower to higher wavelength. The most 

common used one is the Ce:YAG (yttrium aluminium garnet) that emits 

yellow light, as shown in Fig.1.7.b).

Figure 1.7. Different procedures for white light production. a)
LEDs color mixing; b) color conversion from a blue LED
coupled with a yellow phosphor; c) color conversion from a blue
LED coupled with red, green, and yellow nanophosphors [18].
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Also the combination of a blue LED with green+yellow+red 

phosphors have been already proposed to obtain warmer light, as shown in

Fig. 1.7.c). Obviously, these approaches permit to have higher CRI but lower 

efficiency. An alternative to LEDs and pc-LEDs for displays and flat screens

is the field emission display (FED) technology [21] that uses the principle of 

cathodoluminescence (CL) [22], i.e. the emission of light after excitation by 

electron beams, instead via current flows. However in order to have

comparable high efficiency, most of the available phosphors nowadays must 

work with a very high electron voltage beam (5-10 kV ranges), usually 

obtained by cold cathode electron emitters needing vacuum conditions. This 

last point makes this technology not preferred due to the risk of vacuum 

breakdown [23] that limits the device lifetime. For these reasons, the 

research nowadays is moving towards materials which show bright 

luminescence under lower electron voltage beam (<5 kV).

Since all these examples represent a trade-off between the spectral 

response and the efficiency, the ideal solution would be the development of 

new alternative materials in order to cover all the required ranges without 

using the combination of more light sources. In addition either direct 

bandgap semiconductor materials or phosphors are not compatible with the 

standard Si technology, therefore they cannot be applied as light sources for 

integrated circuits. 

Since the indirect bang gap makes silicon an inefficient light emitter, 

realizing a Si light source is tricky and several strategies have been 

proposed. Some examples of Si-based visible and infrared light emission 

will be illustrated in the next sections, even if it still remains a challenge to 

achieve electrically pumped room-temperature (RT) continuous-wave (CW) 

devices.
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1.2.2.Si quantum confined materials

Due to the increasing demand of integrated visible light sources on Si 

platforms, many options have been explored, such as the alloying Si-Ge, and 

the strain and defect engineering. The most successful approach to obtain 

light emission from Si is the quantum confinement in nanostructures [24]:

when one or more dimensions are reduced to nanometric sizes (1-10 nm), the 

electrical and optical properties of quantum confined materials change with 

respect to the bulk. As a consequence when electron-hole (e-h) pairs become 

spatially confined, the translational symmetry of the system is no more 

satisfied and the wave-functions become squeezed in the real space, but 

broaden in the momentum space. This causes a relaxation of the momentum 

conservation and it has some consequences:

(i) e and h can be treated by particles-in-a-box arguments, thus only 

some wavelengths can be supported by the material, i.e. the permitted 

energies become quantized and strictly connected to the dimensions (L)

following the relationship

=  + (1.1)

Therefore by reducing the grain size a blue shift from the 1140 nm emission 

of a bulk Si is observed. One example of a strong red emission from the 0D 

structure of Si nanocrystals (Si-nc) in toluene under UV irradiation is 

reported in Fig. 1.8 [25].
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Figure 1.8. Emission of a cuvette filled with a colloidal 
suspension of Si-nc in toluene under UV illumination [25].

(ii) Change of the local density of states (LDOS) and increase of the 

radiative recombination probability [26] have been obtained. In addition, the 

spatial constrictions result in a lower probability that e-h pairs meet non-

radiative recombination centers. As a demonstration, the typical Si bulk 

radiative lifetime of the order of ms reduces up to s for Si-nc as the 

nanoparticles dimension decreases.

(iii) Participation of oxygen and/or interface-related states has been 

suggested to affect the PL properties [24]. Also the contrast of refractive 

index of the Si nanostructures with respect to the surrounding medium can 

increase light extraction efficiency from the material reducing the internal 

reflections. As a result, internal quantum efficiency increases. For Si-nc,

values larger than few percent [25] have been demonstrated, up to 60% [27].

Since the discovery of a visible broad luminescence from porous Si

[28] and the development of new fabrication technologies, strong efforts 

have been devoted to the synthesis of Si nanostructures, mostly Si-nc and Si 

nanowires (NWs). The first ones have been synthesized by different 

methods, from the chemical synthesis by exploiting reactions of suitable 
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precursors [25,29], useful for biological applications, to the 

thermodynamically induced self-aggregation in non-stoichiometric 

dielectrics [30], synthesized by magnetron co-sputtering, chemical vapor

deposition (CVD), sol gel methods, etc. Figure 1.9.a) reports a high 

resolution transmission electron microscopy image of Si-nc grown in SiO2

starting from a Si rich oxide.

.

Figure 1.9. a) High-resolution transmission electron microscopy 
image of a Si-nc embedded in SiO2 [30]; b) blue-shift of Si-nc 
emission by decreasing their size [31]; c) SEM image from Si 
NWs and d) their typical size-dependent shift of emission peak
from Si nanowires with different mean diameters [33].

c) d)

a) b)
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Tuning of the optical band gap over a wide range of energies from 

about 0.9 eV to 4 eV for the smallest synthetized nanocrystals has been 

obtained [24]. The tunable photoluminescence is shown in Fig.1.9.b) by the 

blue-shift from about 1000 nm to 700 nm, accompanied by other effects as 

the down-shift of “direct-bandgap” characterized by an emission from 400 

nm to 600 nm [31].

Also for Si-NWs several fabrication methods have been exploited, as 

nanolithography, vapor-liquid-solid (VLS) methods and metal-assisted 

chemical etching [32], obtaining very thin and long structures, strongly 

confined in two dimensions, as shown in Fig. 1.9.c). Also in this case, the 

control of the Si NWs thickness results in a control of the emitted 

wavelengths, as shown in Fig. 1.9.d). Internal quantum efficiency of the

order of 0.5% has been already obtained for this structure [33].

The research of luminescent materials has been accompanied by 

strong efforts dedicated to the realization of electroluminescent MOS 

devices made by Si-nc in SiO2. An example is reported in Fig. 1.10.a) where 

an Emission Microscopy (EmMi) image in false colors, proportional to the 

intensity of the emitted light, is illustrated [34]. The challenge in these 

structures is represented particularly by the difficulty of electrical injection. 

This can be solved by using Si-NWs that, in addition to the similar optical 

properties, could permit a continuous conduction of current along the wires

length. EL devices have been indeed demonstrated. One example is shown in 

Fig. 1.10.b) where a LED made by p-type NWs contacted by a n-type 

transparent electrode (AZO) is reported [33].
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Figure 1.10.a) EmMi image of a typical Si-nc
electroluminescence device showing uniform red emission [34];
b) Schematic of an electroluminescent device using p-type Si 
nanowires [33].

Although many efforts are dedicated to the realization of always more 

efficient Si nanostructures, the challenge of current flows together with some 

drawbacks in the synthesis procedures (such as the difficulty in obtaining 

uniform doping and in the size control, the presence of metals, the presence 

of surface states and defects, the strong dependence on processing 

parameters, etc.) have not yet made possible the commercialization of these 

structures.

1.2.3.Rare earths doped Si compatible materials for visible 

and infrared emission

In this scenario, the introduction of rare earths (REs) as guests in Si-

based dielectric hosts has also been proposed as alternative to Si 

nanostructures for visible and infrared light sources [35]. REs are 

characterized by a peculiar electronic configuration, [Xe]4fn6s2 (with 

1 n 14) with a partially filled 4f shell and the same outer-shell 

configuration, namely 5s25p66s2, therefore they all show very similar 

a) b)
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reactivity and coordination behavior. Since 4f electrons are not the outermost 

ones, they are shielded from the external fields by the 5s and 5p electronic 

shells, thus resulting only weakly perturbed by the charge of the surrounding 

ligands. Many optical properties of RE ions depend on 4f shell electrons.

Thus when a RE ion is introduced into a solid, it loses its outer electrons (3+ 

valence state) but, since the 4f electron wave-functions are localized, the 

resulting energy spectrum is composed by a series of atomic-like levels

weakly affected by the crystalline field. Thus the REs optical properties, as 

absorption and emission spectra, can be understood from consideration on 

the free ions. The presence of a crystalline field induces only a splitting of 

the atomic-like levels in multiplets, as schematically represented in in Fig. 

1.11 for a trivalent RE ion (erbium). This effect, however, is crucial in 

allowing radiative emission. In fact, 4f-4f transitions are forbidden in a free 

ion by the electric dipole selection rules and only a state mixing caused by 

the crystalline field through the Stark effect makes these transitions possible 

when REs are embedded in solid hosts.

Figure 1.11. Schematic representation of Er energy levels in 
absence and in presence of the crystal field. Stark effect splits Er 
energy level. The Er main transition is also indicated [39].
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Trivalent visible emitting REs already widely known are Tb3+, Ce3+,

Eu3+ and Gd3+ for the green, blue, red and UV emission respectively [36].

REs activated luminescent materials are widely used for solid-state lasers, 

fluorescent lamps, flat displays, optical fiber communication systems and 

other optical devices already commercialized and nowadays a big field of 

research is using them as phosphors for pc-LEDs. However since strong 

efforts are currently undertaken worldwide to achieve efficient light 

emission from REs doped Si based materials and devices with the aim to

develop an integrated optoelectronic platform on Si, the optimization of their 

optical properties by an improvement of the host quality and of the dopants 

dissolution in order to maximize the internal and external optical efficiency

is still an important research field.

Such REs doped materials appear attractive due to the compatibility 

with the standard CMOS technology and represent not only the basis for 

inter-/intrachip optical interconnects but also find applications in micro-

displays, waveguide amplifiers, biological agent detection, solid state

lighting, sterilization, etc. 

Despite the fact that photoluminescence properties have been already 

widely studied, a very few works exist on their EL properties, i.e. on their 

emission after electrical excitation, necessary to realize Si integrated optical 

devices. Examples on light sources operating in the green, blue and 

ultraviolet (UV) have been recently demonstrated [37,38]. Two of the most 

significant MOSLEDs based on 100 nm thick Eu-doped or Gd-doped SiO2

are reported in Fig. 1.12. In particular, Fig. 1.12.a), b) and c) show the 

optical photographs of the EL from a 200 m diameter Eu-based device 

excited by different currents, 20 A, 1 mA and 2.5 mA. The PL spectra for
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different Eu contents are also reported in Fig. 1.12.d) ascribed to the 

contemporary presence of Eu2+ and Eu3+ oxidations states.

Figure 1.12. a)-c) Optical photographs of the EL from Eu-based 
device under different currents. d) EL spectra for different Eu 
contents [37]. e)-f) CCD photographs of the EL emission from 
two different structures of Gd-based devices and g) relative PL 
and PLE spectra [38].

The different colors in EL can be justified by a selective excitation 

through the impact of electrons with different energies. Instead from the PL

and PLE shown in Fig. 1.12.g) it was possible to observe the peculiar Gd 

emission line at 316 nm overlapped with a broader band (2000 times 

weaker) related to emission from defects that are used as a benchmark for 

EL emission in the CCD photographs reported in Fig. 1.12.e) and f) for two 

different structures.

A widely used approach to generate light emission in the infrared is to 

introduce Er as an impurity element in materials fully compatible with the 

standard Si technology. The importance of Er relies mostly on its transition 
4I13/2

4I15/2 with emission of a photon at 1.54 m [39], shown in Fig. 1.11,

and its amplification can be obtained by involving the upper level 4I11/2 by 

d) g)

e) f)
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pumping it at 980 nm. The 1.54 m emission is of big importance for 

telecommunication because it falls in the minimum loss of optical fibers.

Indeed Er doped fiber amplifiers (EDFA) with high lengths and low Er 

content are already commercialized. 

In order to apply Er-doped materials as amplifiers in microphotonic

applications by maintaining high the efficiency, higher Er content should be 

introduced. However, this brings to detrimental phenomena that avoid the 

possibility to have light emission and amplification from all the REs ions for 

the following reasons:

(i) a solid solubility limit is encountered when Er ions, above a critical 

concentration threshold, whose value is different for each host, start to 

segregate and precipitate by forming optically inactive (metallic) clusters.

This phenomenon is more marked after annealing treatments, owing to the 

high mobility of Er ions in Si-based compounds, as shown in Fig. 1.13.a) by 

the cross-sectional transmission electron microscopy (TEM) image of Er-

doped SiO2 after annealing treatment at 1200°C for 1 h [39]. This cluster 

formation is always detrimental for Er optical properties, as shown in Fig.

1.13.b): while an increase of both PL and lifetime values by increasing the 

annealing temperature is reported up to 700°C, owing to the recovery of 

defects introduced by ion implantation, the PL quenches for higher 

temperatures. This demonstrates the formation of Er optically inactive nano-

clusters, unwanted for photonic applications.
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Figure 1.13. a) TEM image of Er metallic clusters in SiO2 after 
annealing treatment at 1200°C for 1 h; b) Relative room 
Temperature PL peak intensity and lifetime at 1.54 m measured 
as a function of temperature [39].

(ii) Concentration quenching and cooperative up-conversion are 

instead based on the interactions between Er ions, whose probability 

increases by increasing the Er content.  The first one is characterized by the 

interaction between an Er ion excited in 4I13/2 energy state and a nearby one 

in the ground state: indeed the first one can de-excite either emitting a 

photon or transferring the absorbed energy to the nearby one, by causing an 

energy migration that can be concluded by the emission of a photon, Fig. 

1.14.c), or by a non-radiative transfer to a quenching center, Fig. 1.14.d)

[40], thus lowering the total optical efficiency of the system. This 

phenomenon will be discussed better in the next chapters of this thesis work.

Figure 1.14. a)-d) Schematic of the concentration quenching 
process and of e) upconversion for Er ions [39].

a) b)

a) b)

c)

d) e)

4I13/2

4I11/2

4I9/2
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The second one involves instead two Er ions excited in the same 

energy levels and it is influenced also by a high excitation photon flux (that 

favours the probability of having two excited Er ions close one another). As

a consequence, the first one can de-excite non radiatively to the ground state 

transferring the energy to the second one, that is excited to an upper energy 

level. Depending on the Er energy levels involved, different cooperative UP 

processes can happen. An example is shown in Fig. 1.14.e): if Er ions are

both in the 4I13/2 energy level, the second one can be excited up to the higher 
4I9/2, de-exciting again non-radiatively up to 4I11/2 and then emitting a photon 

at 980 nm or at 1540 nm at the expense of two photons at 1540 nm. The 

occurrence of UPs determines a sub-linear increase of PL intensities at 1.54 

m versus the photon flux and a “stretching” of the correlated decay time 

because of the faster depletion of the energy level in presence of UP.

Obviously these processes lower the PL efficiency at 1.54 m useful for 

light amplification in the IR, but contemporarily permit to obtain and 

enhance the Er visible emission through excitation in the IR, of great interest 

for bio-applications [41]. Thus a specific control of Er-Er mean distances 

and interactions is fundamental to permit the realization of efficient light 

sources and amplification in the infrared.

In addition to the many efforts devoted in finding new approaches to solve 

these limits, another aspect that has to be taken into account is the low Er 

excitation cross section due to the nature of its transitions, forbidden by the 

parity selection rules and partially permitted only in presence of a crystal 

field. The use of a broad sensitizer can relax the stringent conditions for high 

pump sources in optical amplifiers and raise the system efficiency. One of 

the most proposed approaches is to use Si-nc as broadband high absorbing

sensitizers for Er to realize an Er doped wavelength amplifier (EDWA)
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where the pump laser can be substituted by LEDs or even by electrical 

injection [42,43], thus opening the way towards an on-chip laser. Si-nc have 

typical wide absorption spectrum in the visible with absorption cross 

sections of the order of 10 cm2 around the 488 nm region [44] that is five 

orders of magnitudes higher [45] than that of Er3+ in stoichiometric silica

(8×10 cm2 at 488 nm). A strong energy coupling has been demonstrated in 

Er3+-doped silica containing Si-nc [46]. In addition to the possibility to 

increase the Er effective excitation cross section, Si-nc can conduct electrical 

current, opening the route to electrically pumped optical amplifiers. 

However, many aspects of the exact nature of the interaction and the energy 

transfer processes are still controversial and under investigation and despite 

the presence of several promising results, the presence of some limiting 

factors such as strong carrier absorption, cooperative upconversion, excited 

state absorption, Auger de-excitation and low fraction of Er3+ ions coupled to 

the Si-nc [47] need to be faced.

Thus, the application of REs doped materials in Si microphotonics 

have still some unresolved open points.

One of the approaches that will be then pursued in this work in order 

to realize efficient Si-based light sources is the doping with heavy metal ions 

in place of REs and the development of REs compounds in place of the 

doped Si-based materials for visible and infrared emission.

1.2.4.Lasers on Si: Raman Si lasers and hybrid lasers 

In addition to the already discussed approaches to achieve visible and 

infrared emission from Si-based materials, different strategies have been 

developed in order to realized infrared lasers on Si. Raman scattering was 
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the first demonstrated method to achieve Si-based laser and amplifiers

thanks to some Si properties such as a high optical damage threshold, 

excellent thermal conductivity, high refractive index and large Raman gain 

coefficient (approximately 103–104 larger than that of silica owing to its 

crystalline structure [48]). When a scattering medium is irradiated with two 

simultaneous beams (pump and signal), the first one (pump) excites the 

constituent molecules or atoms to a higher vibrational level, while the

second one, resonant with a Stokes transition, triggers the generation of 

another Raman Stokes photon. Thus, amplification can be achieved. This 

technique, known as stimulated Raman scattering, has enabled the 

realization of Raman glass fiber amplifiers.

One of the best results has been obtained by Intel Corporation in 2007 

[49] and it is shown in Fig. 1.15. The used structure consists of a ring 

resonator cavity with an optimized p-i-n diode structure to reduce free-

carrier absorption (FCA) and two-photon absorption (TPA) coupled with a 

waveguide, as shown by the model in Fig. 1.15.a) and in the cross SEM in

Fig. 1.15.b); the Raman generated lasing signal at 1545 nm, shown in Fig. 

1.15.d) increases by increasing the pump power, by obtaining very low

pump threshold (approximately 20 mW) with 50 mW output power.
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Figure 1.15. a) Schematic of the Raman laser consisting of a p-i-
n junction device coupled with a ring cavity; b) cross-sectional 
SEM of the p-i-n junction; c) laser output power versus pump 
input power for different junction polarization; d) spectral power 
of the obtained Raman Si laser [49].

Another approach is the hybrid integration of III–V semiconductors

[50] or Ge [51] gain medium within a Si platform for lasing. There are two 

main methods used for the hybrid integration: (i) epitaxial growth of

crystalline semiconductors onto the silicon substrate and (ii) bonding of a 

full or partial wafer of a light-emitting semiconductor structure.

The first approach is mainly used for the Ge on Si. Ge emission 

probability is higher than the Si one since the energy mismatch between the 

two minima in the Ge conduction band, known as valley and L valley, is 

small (0.134 eV). Several approaches have been studied to further reduce 
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this mismatch and increase the radiative emission [51]. Strain is the most 

promising one and it can be induced during its epitaxial growth on Si owing 

to the small mismatch between Si and Ge lattice parameters. In addition, it

affects the Ge band structure by decreasing the energy difference between L 

and valley as shown in Fig. 1.16.a)-c). A tuning of the emitted wavelength 

up to 2.3 m has been demonstrated by increasing the strain: since for 

applications in telecommunication windows emission wavelengths in the 

range 1.4 m and 1.6 m are required, a lower strain (0.25%) is sufficient to 

obtain an intense emission and permits also to introduce a very low 

dislocation density useful for Ge lasers realization [52].

Figure 1.16. a) Schematic of Ge band diagram with evidenced 
transitions from L and valley in the conduction band to the 
valence band. b) Strain influence and c) additional doping influence 
on Ge band diagram, permitting radiative transition [11].

Two of the newest results are shown in Fig. 1.17.a)-c). The first one is 

a LED made by a Ge p+/n+ junction on a Si substrate by which both PL and 

EL have been achieved [53], while the second one is a Ge on Si CW laser 

working at RT, optically [54] or electrically [55] stimulated. It consists in 1.6 

5 doped Ge waveguide epitaxially grown on the Si substrate,

thermally treated to introduce a tensile strain of 0.24% and coupled with a

Fabry-Pérot cavity to enhance the emission from the direct gap. A cross-
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sectional SEM picture of the Ge waveguide is shown in the bottom inset of 

Fig. 1.17.c). Emission through optical pumping with a 1064 nm Q-switched 

laser of 1.5 ns pulse duration is shown in the same figure. 

Figure 1.17. a) Isometric and b) cross section schematic of Ge-
based light emitting diode [53]. c) Edge emission spectra of a 
Fabry-Pérot Ge waveguide under three different levels of optical 
pumping and the relative cross-section SEM image (bottom 
inset). The integral emission output versus pump power input is 
also shown [54].

Owing to the fact that the best emitting materials are in any case the 

direct band gap semiconductors, such as GaAs or InP, strong efforts have 

been devoted to the synthesis of these materials in Si but with scarce results, 

since the high lattice mismatch (120% and 77% respectively) introduces a 

high defects density. Nowadays the approach of wafer bonding already used 

for silicon-on-insulator (SOI) has been proposed also for other compound 

semiconductors in order to realize hybrid III–V lasers [50,56]. Therefore 

hybrid Fabry – Pérot lasers at RT [56] have been already fabricated for on-

chip light sources. An electrically pumped compact micro-ring resonator 

laser with diameters varying between 15– [57] is shown in Fig. 1.18

with the correspondent cross-sectional SEM image reported in the left inset. 

a)

b)

c)
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Low CW thresholds, about 4 mA, with reasonable output powers (3.5 mW) 

have been observed in [57]. Further 

reducing the laser diameter will result in a drastic reduction in the threshold.

Thanks to the dimension reduction, the fabrication of millions of micro-ring 

lasers on a single Si wafer is now possible.

Figure 1.18. Schematic of a hybrid micro-ring laser with a Si bus 
waveguide. In the left inset a cross-sectional SEM of the 
microring laser is shown; in the right inset an expanded view of 
the transverse electric mode is reported [57].

1.3. Silicon compatible materials for active photonic devices in 

the infrared wavelengths

The importance of Si-based light sources in the visible range for 

lighting and displays and in the infrared range for telecommunication relies 

mostly in the possibility to realize integrated active devices on Si platforms.

For example, Er doped materials for infrared emission are strongly suitable 

as active media in Si passive components, as Si optical waveguides, in order 

to realize active devices as optical amplifiers. The most important passive 

components and their coupling with optically active materials will be 

discussed in the following sections.
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1.3.1.Silicon passive waveguides for planar optical amplifiers

Among the passive Si-based components used to transport light from a 

point to another, optical waveguides are the most common, owing to the 

light confinement obtained within a high refractive index zone (core) 

surrounded by a lower refractive index one (cladding) due to the total 

internal reflection phenomenon. The evolution in the synthesis of

waveguides fully compatible with the standard Si technology for 

microphotonics has brought nowadays to innovative solutions, such as SOI 

waveguides, photonic crystals and plasmonic waveguides.

Owing to the high difference in refractive index between silicon (3.45) 

and silica (1.45), in SOI waveguides it is possible to scale down the size of 

the waveguide modes in ultra-compact dimensions ( 2)

thus allowing a large number of optical components integrated in the same 

chip, as required by the CMOS technology. However, as devices are 

downsized, deviations from ideal profiles in fabrication (as sidewall 

roughness) will become prominent and will result in scattering at the 

interfaces between waveguide core and cladding, which becomes a major 

source of propagation losses [12]. The most common structures are the 

channel waveguides, where the guiding layer is completely embedded in the 

cladding, and the ridge waveguides, where the guiding layer consist of a slab 

with a dielectric ridge on top embedded between two layers having low 

refractive index. Even if the scattering losses, typically around 0.2–3.0 

dB/cm, can be lowered by reducing the layers roughness through oxidation 

of the waveguide sidewalls, new types of passive devices are being 

developed.
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Among them, photonic crystals (PhCs) are probably one of the most 

important developments of the last decades for applications in Si 

microphotonics. In particular 2D PhCs slabs on high-quality SOI substrates 

have been optimized by realizing a structure in which region of high 

(typically Si) and low (typically air) refractive index dielectrics are 

periodically alternated, creating an optical lattice. As the periodical structure 

of crystals is characterized by permitted and forbidden electronic states, the 

same is obtained for light [58]: there is indeed a spectral range of 

wavelengths that cannot propagate in the crystal and that is reflected in the 

vertical direction (photonic band gap, PBG). In addition, as introducing 

defects in a crystal generates permitted electron states inside the band gap,

breaking the symmetry of a PhCs structure by introducing defects (such as 

removing holes or changing their dimensions or their periodicity parameters)

permits the propagation of light at a certain frequency. This is in particular 

true if an entire line of holes is removed, determining the creation of a 

channel waveguide [59] in which light is forced to propagate. Due to the 

high confinement, PhC waveguides can shrink light in dimension smaller 

than 0.15 m.

Figure 1.19. Scanning electron microscope (SEM) image of a 
PhC waveguide etched in a thin silicon membrane and connected 
to a tapered ridge waveguide [60].
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As an example, a PhC waveguide etched in a thin silicon membrane 

and connected to a tapered ridge waveguide is shown in Fig. 1.19 [60].

Another interesting and more recent approach proposed to further 

squeeze the light confinement is the exploiting of plasmonic. Indeed 

photonic devices suffer from the diffraction limit, i.e. the minimum 

reachable size cannot be lower than half wavelength of the involved photon. 

This induces a big difference in the physical sizes of the electronic and 

photonic components (about two orders of magnitude) of PICs. Although 

gratings and inverted taper could solve this problem [11,12], the creation of

sub-wavelength oscillating modes obtained by coupling the incoming 

photons with the metal free-electron gas (plasmonic oscillations) [61] could 

merge the high performances offered by photonics and the nano-scale 

integration offered by electronics in a single element. In particular, surface 

plasmon polaritons (SPP) are electrons oscillations propagating on an 

metal/insulator interface, strongly confined in the perpendicular direction up 

to some nm (two orders of magnitude lower than the typical confinement 

obtained in the standard photonic waveguides) and then characterized by 

higher electromagnetic fields. The applications of SPP in photonics could be 

then very useful in order to guide and manipulate optical signals in PICs. A

wide variety of plasmonic waveguide designs have been investigated for the 

general purpose of on-chip communication [62,63]. Figure 1.20 provides an 

overview of some of them, which are all capable of strong optical 

confinement with manageable propagation losses. The simplest plasmonic 

waveguides are constituted by a metal strip surrounded by two insulators 

(dielectrics) known as an insulator-metal-insulator (IMI) plasmonic 

waveguide, shown in Fig. 1.20.a); the inverse metal-insulator-metal structure 

(MIM), shown in Fig. 1.20.b), has also been investigated. The combination
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of dielectric and plasmonic waveguide principles has attracted a lot of 

attention from researchers; for example, a dielectric strip placed on a metal 

plane (dielectric loaded SPP waveguides, DLSPP), shown in Fig. 1.20.c), 

yields a better plasmonic confinement perpendicular to the surface with 

respect to IMI and MIM structures but similar SPPs propagation lengths.

This is considered a general limit for dielectric plasmon-based waveguides 

in the visible and infrared ranges, because the propagation losses of SPPs 

waveguides increase with the cubed refractive index of the adjacent

dielectric, owing to the increase of electron-electron and electron-phonon 

interactions and of the scattering with defects or bounding. In addition,

metals themselves are plagued by large losses, especially in the visible and 

ultra-violet (UV) spectral ranges, arising in part from inter-band electronic 

transitions, that are detrimental for the performances of the plasmonic 

devices, seriously limiting the feasibility of many plasmonic applications. In 

addition, the synthesis of metals is not compatible with the Si standard 

technology and thus is unpractical for applications in an integrated device.

Figure 1.20. Surface plasmon waveguide cross-sections
architectures, with the optical data propagating in the third 
dimension. a) IMI; b) MIM; c) DLSPP; d) gap plasmon polariton 
(GPP); e) channel plasmon polariton (CPP); f) wedge SPP and g)
hybrid plasmon polariton (HPP) [62].
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In an attempt to mitigate material losses, recently different approaches 

have been proposed. One of the nicest example is the realization of hybrid 

plasmon polariton (HPP) devices, shown in Fig. 1.20.g), in which a thin 

oxide gap is inserted as a separation between the dielectric core and the 

metal layer, which pulls the optical modes into the nanometer gap layer [64].

Recently a new strategy is emerging, the use of alternative plasmonic 

materials such as transparent conductive oxides (TCO) or nitrides in place of 

metals. Negative dielectric function characterizes the TCO in the infrared

range and the nitrides in the visible one [65]. The comparison between the 

real and imaginary part of the dielectric functions of these alternative 

plasmonic materials and the standard metals, Au and Ag, is reported in Fig. 

1.21. While the real part determines the range in which the material has a 

plasmonic behaviour ( <0), the imaginary part ( ) is strictly connected 

with losses. 

Figure 1.21. Comparison of the optical constants of TiN, ZrN 
and TCOs thin films with the ones of gold and silver. The arrows
show the wavelength ranges in which nitrides and TCOs are 
metallic. a) From versus wavelengths it is shown the optical 
range where TCOs and nitrides have smaller negative 
permittivity values than metals, while in b) the relative losses are 
compared [65].
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By this comparison it is possible to deduce that these innovative 

materials behave as metals regarding the plasmonic properties, but 

completely reducing the losses and their optimization as waveguides in PICs 

could give a great performances improvement.

1.3.2.Enhanced light emission from active devices

All the above described examples are related to passive devices. 

However it is possible to couple them with emitting elements in order to 

make them active. This point has important applications, as the realization of 

optical planar amplifiers or light sources, from LED to many LASER 

prototypes.

In addition to the already widely known examples of Er-doped 

waveguides made of Si compatible materials as Al2O3, SiO2, ZnO and Si-nc 

in SiO2, innovative examples regard the emission and amplification of IR 

light in PhCs. Photonic band structures and PBGs can improve mainly 

extraction extr) and collection efficiency ( coll) of photonic devices. Owing 

to these improvements, the possibility to control and enhance the light 

emitted by crystalline Si has been demonstrated [66]. The device

schematically shown in Fig. 1.22.a) consists of a PhC structure patterned in a

p-i-n junction formed into the top 200-nm-thick Si layer by area-selective

implantations of boron and phosphorous ions, as shown by the SEM image

of the central part in the zoom of Fig. 1.22.a). The device EL intensity, 

shown in the inset of Fig. 1.22.b), increases by increasing the PhC period 

(a), defined as the distance between two holes, reaching enhancement of 

about 14 times with respect to the un-patterned device. This enhancement is 
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mainly caused by the improvement of extr and coll due to the photonic band

structures.

Figure 1.22. a) Schematic representation of a Si PhC LED. The 
SEM image shows the center area of the device. b) Integrated EL
intensities for various periods a. The inset shows the 
corresponding EL spectra at 10mA [66].

Another interesting proposed structure that can be coupled with 

emitting materials is the PhC nanocavity, realized by removing one or more 

holes in the periodic structure. This creates localized modes in the xy plane 

having frequency in the forbidden band gap that however cannot propagate 

in the rest of the crystal. Because the electromagnetic field intensity and the 

light–matter interactions in an optical cavity scale as its Q/V ratio, with Q 

being the quality factor (the energy loss per cycle divided by the energy 

stored inside) and V its modal volume (measure of the spatial extent and 

energy density of the mode), the request for PhC nanocavities with a high 

Q/V ratio is intense. State-of-the-art Si PhC cavities feature Q values higher 

than 4×106 3, where n is the 

effective index of the cavity mode [67]. Therefore they allow to strongly 

reduce the dimension of the cavity, without suffering from scattering losses.

These values are comparable with the ones obtained in micrometric ring-
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resonators [68] that however have much bigger sizes; in addition PhC 

nanocavities performances are increasing constantly with the improvements 

in silicon nanofabrication.

An example of enhanced emission by PhC nanocavity is shown in Fig. 

1.23. In this case, optically active defects have been introduced directly into 

a silicon high-Q PhC nanocavity using a simple hydrogen plasma treatment,

visible in the plan view SEM image in Fig. 1.23.a) by dark dots [69].

Although the Si defects luminescence notoriously quenches very quickly 

with temperature, the coupling with a PhC nanocavity can suppress this 

quenching and enhance light emission by more than four orders of 

magnitude relative to bulk Si [69], as shown in Fig. 1.23.b). Based on this 

surprising result, an electrically driven CW nano-LED source was also 

realized [69] at RT and it exhibits a narrow linewidth in the important 

technological wavelength window between 1.3–1.6 m, tunable by the 

periodicity parameter a of the PhC cavity.

Figure 1.23. Silicon PhC nanocavity emitting at sub-bandgap 
wavelengths. a) TEM image of the structure, showing with black 
dots the active defects created by hydrogen plasma treatment and 
b) emission lines of the fundamental cavity modes by varying a,
four orders of magnitude higher than that of bulk Si [69].

Based on the above result, the applications of PhC nanocavities are 

growing considerably in the last years. In particular, the control of the 

a)

b)a)
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spontaneous emission rate by the light extraction due to the PBG [70] and by 

Purcell effect has been demonstrated to interestingly enhance the

spontaneous emission intensity of an atom or a quantum dot located inside 

the cavity [71]. For this reason, this effect has been proposed to increase 

optical efficiency of Er-doped systems for infrared amplifiers. As an 

example, Fig. 1.24 reports the coupling between a Si PhC cavity and a very 

thin layer of Y-Er disilicate film [72], as shown in the cross-section view in 

Fig. 1.24.a). In order to obtain the highest quality factor Q and to tune the 

cavity resonance at around 1.54 m, the cavity parameters have been 

optimized by shifting the holes, as shown in Fig. 1.24.b), thus matching 

perfectly with Er emission, shown in Fig. 1.24.c). In addition, Er PL 

enhancement of about two orders of magnitude has been estimated by the 

peak-to-background ratios in Fig. 1.24.d) for all the investigated samples, 

owing to the increased extraction efficiency and the Purcell effect.

Figure 1.24. a) Cross-section scheme of the top-coated Si PhC 
membrane after the Y-Er disilicate deposition and relative b) plan 
view SEM image; c)-d) PL emission from the top-coated cavities by 
varying the PhC nanocavity parameters. The dashed black line 
reports the typical shape of Er emission in Y-Er disilicate film [72].

a)

c) d)

b)
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By engineering these systems, also LEDs operating in the IR have 

been demonstrated [73]. As an example the coupling between a slot 

waveguide covered by an Er-doped SiO2 thin layer containing Si-nc as

emitting material and a PhC structure is shown in Fig. 1.25.a), with a 

detailed zoom on the PhC region in Fig. 1.25.b). Thanks to the photonic 

structure, when the device is biased with an external direct voltage source,

the Er emission in the vertical direction is 3-fold increased. The device EL at 

RT was investigated by EmMi, as shown Fig. 1.25.c) in false colors.

In this way it has been demonstrated that the use of PhCs and the 

combination of optimized emitting materials, as Er-doped ones, is a very 

encouraging step towards the realization of all-silicon-based light sources.

Figure 1.25. a) Top-view SEM image of the PhCs structure coupled 
with a slot waveguides covered by an Er containing emitting layer.
b) Detailed SEM image of the top-right part of the device, 
highlighting the patterned PhC. c) EmMi image of one device under 
forward polarization; the image is in false colors [73].

1.4. Contents and motivations of this thesis

From the above mentioned results, it is clear that the research on Si-

based optical light sources is still moving on, with the aim to integrate these 
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components in microphotonic devices useful not only for displays and lab-

on-chip applications but also for telecommunications, where microphotonic 

circuits can be employed as substitutes of electronic parts in our day-life

accessories. In order to do that, a further improvement of the materials

performances and a futher development of new Si-based devices are

required.  Aim of this thesis work is hence to synthesize and characterize 

novel materials that can be introduced in the Si microphotonics scenario. 

In Chapter 2, the needs of new light sources in the visible range will 

be faced. Bismuth, belonging to post-transition metals, is proposed as an 

emitter for Si-based transparent materials in place of the most common used 

REs, as Eu and Tb: this element indeed can improve much more the optical 

efficiency of the systems thanks to its peculiar electronic configuration and 

to its high absorption and emission cross sections. After a brief introduction 

of its potentiality as a visible emitter in glass and crystalline hosts and of the 

open points regarding the application in Si-based materials, its introduction

in two different Si-compatible yttrium based hosts, the yttrium disilicate and 

the yttrium oxide, will be discussed. These matrices are indeed suitable for 

the introduction of dopant elements in the Y3+ substitutional position. In 

particular, the influence of different annealing atmospheres on the structural 

and optical properties will be presented for both the hosts, thus proposing 

them as efficient, Si compatible optical materials for applications on Si 

platforms as down-converters for the solar spectrum and as broad and 

tuneable emitters in the visible range.

In Chapter 3, the possibility to exploit also infrared emission by 

involving erbium-yttrium mixed compounds will be addressed. This 

approach permits to increase the Er content up to the constituent level (1022

at/cm3) without optically inactive clusters formation and to control the Er-Er 
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interactions by controlling accurately the Er-Er mean distances, thus 

increasing the efficiency of the system. A further interesting approach that 

will be illustrated is the possibility to introduce Bi as a sensitizer for Er. 

Therefore by the optimization of the structural and optical properties, the 

coupling Bi-Er will be proposed in order to enhance Er optical emission at 

1.54 m up to 2000 times. This result makes Bi-Er-Y mixed compounds 

good candidates for light emission and amplification in the 

telecommunication windows, thus achieving an interesting goal for Si-

microphotonics.
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“To raise new questions, new possibilities, to regard old 

problems from a new angle, requires creative imagination 

and marks real advance in science.[…] 

Logic will get you from A to B. Imagination will take you 

 everywhere.” 

 

“Sollevare nuove domande, nuove possibilità, riguardare 

vecchi problemi da un nuovo angolo, richiede 

immaginazione e segna un reale avanzamento della scienza. 

[…] La logica ti può portare da A a B. 

L’immaginazione invece ti può portare ovunque.” 

 

Albert Einstein 
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Chapter 2: Bismuth-doped silicon compatible 

thin films for visible emission

As extensively discussed in chapter 1, the increasing demand for Si 
compatible light sources has required the investigation of a wide variety of 
materials, such as Si nanostructures or rare earths (REs) doped materials. 
In this scenario, heavier main group elements have been recently proposed 
as alternative emitters. Hence chapter 2 will be focused on the introduction 
of bismuth in silicon based thin films as an emerging visible emitter for
possible applications such as an integrated light source device for 
microphotonics.

Yttrium disilicate and yttrium oxide thin films have been chosen as 
hosts for Bi ions owing to their transparency in the whole visible and 
infrared ranges and their compatibility with the standard Si-
microelectronics technology. Undoped thin films have been synthesized by 
RF magnetron co-sputtering and Bi was introduced by ion implantation 
processes. The influence of different annealing treatments (in N2 or O2) on 
the structural and optical properties will be extensively discussed in this 
chapter. 

Even if the annealing temperature of 1000°C is not sufficient to permit 
a total crystallization of the Bi-doped yttrium disilicate thin films, this 
temperature is already high enough to induce the precipitation of some Bi 
ions in metallic clusters, as shown by TEM analyses. In addition the 
presence of two broad emissions in the blue (O2) and in the orange/red (N2)
spectral ranges was demonstrated by the optical characterization. They have 
been ascribed to the stabilization of the dissolved Bi ions in two different 
oxidation states, namely Bi3+ and Bi2+.
Instead Bi-doped yttrium oxide thin films were demonstrated to be 
polycrystalline already after the deposition. Moreover an accurate study of 
the structural properties have permitted to demonstrate that Bi3+ is the only 
oxidation state present. In addition, two Bi3+ broad and intense emissions in 
the blue and in the green spectral ranges have been recorded under a 
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selective UV excitation, due to the presence of two possible cation lattice 
sites. Finally a three level scheme was employed to model the Bi excitation 
and de-excitation processes, validated by optical measurements at cryogenic 
temperatures. On the basis of their chemical and optical properties, Bi-
doped Y disilicate and oxide thin films can be considered potential materials 
for Si microphotonic applications.
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2.1. Bismuth as an emerging efficient emitter

Bismuth is the heaviest stable element of the periodic table. Since its 

electronic configuration is [Xe]-4f145d106s26p3, it can be found in different 

oxidation states, from 0 to +5. One of the most interesting feature of all its 

oxidation states is that they are all optically active with peculiar broad 

absorption and emission bands spread from the ultraviolet (UV) to the 

infrared (IR). For this reason it has gained the appellative of “wonder metal”

and the researchers interest on its optical properties is abruptly increased in 

the last ten years, as represented by the statistics in Fig. 2.1 related to the 

number of ISI publications per year having “bismuth luminescence” as 

keyword.

Figure 2.1. Number of publications per year having the keyword 
“bismuth luminescence” in the last 20 years. The diagram is 
taken from [1].

The stabilization of its different oxidation states depends strongly on

the chemical environment of its host, but the most common found for visible 
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emission for lighting, field emitting displays (FEDs) and light emitting 

devices (LEDs) are the Bi3+ and Bi2+ oxidation states.

2.1.1.Tuneable emission range controlled by the Bi oxidation 

state

The spectroscopy of Bi3+ ions, which has the 6s2 electronic 

configuration, has been extensively investigated in a variety of host lattices,

from crystalline matrices to glasses. The ground state of the free ion is 1S0,

whereas the 6s6p excited states give rise to the triplet levels [3P0, 3P1, 3P2]

and the 1P1 singlet state as shown by the potential energy diagram in

configurational coordinate reported in the inset of Fig. 2.2.a). The allowed 

transitions are 1S0
1P1, typically around 230 nm, and 1S0

3P1, in the range 

of 250–400 nm. Instead, the 1S0
3P0 and the 1S0

3P2 transitions are

normally forbidden, but become partially allowed only if coupled with 

asymmetrical lattice vibrational modes. Since the minimum of the excited 

state potential is always shifted relative to the one of the ground state 1S0, a

shift between the correspondent broad emission and excitation band is 

expected (the so called Stokes shift) [2].

About the energetic positions of the excited states, they strongly 

depend on the local field felt by Bi ions, and therefore by the embedding 

host. As an example, Fig. 2.2.a) reports the Bi3+ spectroscopy in Y3Ga2O12

single crystal [3], widely used as REs host for solid state lasers, up-

converters and scintillators. The excitation spectrum, curve (c), and the 

emission spectra at 80 K, curve (d), and at 141 K, curve (e), can be 

associated to the 3P1
1S0 transition. By changing the host the emission peak,

associated to the same transition, shifts, as for the borate glass [4] shown in 
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Fig. 2.2.b), where it appears shifted at 430 nm instead of 320 nm. By varying

the concentration of alkali ions (Na2O) in the same host, further shifts of 

both the excitation and the emission bands are also visible, due to the 

modification of the host covalence and consequently to the energetic 

positions of the 3P1 bands [4]. This spectroscopic behaviour is extensively 

reported for different Bi-doped crystalline phosphors [5] and glasses [6,7].

Figure 2.2.a) Absorption bands of undoped single crystal 
Y3Ga2O12, curve (a), and Bi3+ doped Y3Ga2O12, curve (b), 
excitation bands (curve c) and emission spectra at 80 K (curve d) 
and 141 K (curve e) [3]. In the inset, the configurational 
coordinate diagram of Bi3+ ion [4]. b) Excitation and emission 
spectra of Bi3+ doped borate glasses with different contents of
alkali ions (Na2O) [4].

a)

b)
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In addition to this blue-green emission band, associated to Bi3+ ions, it

is interesting to note that a narrow orange band was also reported in

synthetic Bi:BaSO4 for the first time in 1886 [8], but for a long time its 

origin was not clear. A century later a convincing interpretation has been

done by Hamstra et al. [9] that associated this luminescence to Bi2+ ions.

More recent studies clearly revealed that a visible emission in the orange-red 

range is associable to Bi2+ ions and it is widely found in different hosts such 

as crystalline SrB4O7 [10], SrB6O10 [11], M2+BPO5 (M= Ba, Sr, Ca) [12], and 

Sr2P2O7 [13]. As examples, the spectroscopies of Bi2+ ions in SrB6O10 (upper 

spectra) and in SrB4O7 (lower spectra) [11] are shown in Fig. 2.3.a).

Figure 2.3. a) Bi2+ red emission and excitation spectrum from 
SrB6O10 (upper spectra) and SrB4O7 (lower spectra) [11]. The 
involved transitions are also indicated. b) Configurational 
coordinate diagram of Bi2+ ion [14].

The emission spectra can be associated to the 2P3/2
2P1/2 transition

while the excitation spectra are formed by three UV- visible bands relative to

the electronic transitions 2P1/2
2S1/2, 2P1/2

2P3/2(1) and 2P1/2
2P3/2(2) of 

Bi2+ ions, whose configurational coordinate energy diagram is shown in Fig.

2.3.b).

a) b)
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2.1.2.Limits of the Bi application in Si-based light sources

While the Bi emission in glasses or crystalline powders is extensively 

studied, very few works deal with Bi in Si compatible thin films for photonic 

devices. The motivation is due to the fact that the reported Bi optical 

properties are strongly limited by the high temperatures typically used for Si-

compatible materials, thus evidencing some issues, such as the out-diffusion 

of Bi ions and their precipitation [15], that make it difficult to control the Bi 

oxidation state. Indeed due to the low bismuth melting point (300 °C)

[15,16] and to its high mobility in Si-based materials, the Bi precipitation is 

often found and unwanted because the metallic precipitates are optically 

inactive [16]. As examples, Fig. 2.4.a) and Fig. 2.4.b) report transmission 

electron microscopy (TEM) images of the precipitates formed in Bi-doped 

porous silica after annealing treatments at 1000 °C in hydrogen atmosphere

[17] and in c-Si (100) after the Bi ion implantation [18], respectively.

Figure 2.4. a) Cross sectional TEM image of a Bi crystalline 
precipitate in porous silica formed after 1000 °C annealing in a
reducing atmosphere [17]. The full scale of the image is 153 nm. 
The inset reports the corresponding diffraction pattern; b) Cross 
sectional TEM image of Bi precipitates in silicon and the 
respective plan view as inset [18].

a) b)
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In the case of Bi ion implantation process in Si compatible thin films,

several works report the formation of Bi metallic nanoclusters also before 

the annealing treatments and the co-existence of Bi0 and Bi3+ [19,20]

chemical states, demonstrated by X-ray photoelectron spectroscopy (XPS). 

In addition, the evolution of implanted Bi ions after annealing treatments 

have been studied in these hosts, demonstrating that Bi3+ chemical state is 

preserved in oxidizing atmosphere, while it evolves in Bi0 in reducing 

atmosphere, at temperature above 650°C. Unfortunately, it is not easy to 

distinguish if the Bi contribution comes from dissolved ions or from 

oxidized nanoparticles, and in the last case which is their chemical 

composition, especially when embedded in complex silica-based materials. 

It was demonstrated that thermal treatments in oxygen typically can lead to 

the Bi precipitations in Bi oxides and silicates in place of Bi metallic 

nanoparticles. However, differently from Bi metallic nanoparticles, all the 

Bi3+ compounds are optically active, as demonstrated in Ref [21] for Bi 

oxide nanoclusters and in Ref. [22,23] for Bi silicate scintillators and nano-

powders. Therefore, the control of the valence state of Bi ions and the 

chemical composition of the possible precipitates, if metallic or oxidized, is 

a fundamental aspect for their use in photonic applications.

Due to the low melting points, such as 820 °C for oxides and about

1030°C for silicates [24], these Bi compounds can be not stable under high 

temperature treatments, indeed they can differently evolve depending on the 

presence of oxidizing or reducing agents inside the same host [25], as in the 

following reactions [26]:

Bi O  Bi O + 2BiO + 2Bi + (2.1)
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These reactions modify the chemical state of Bi ions from the 3+ to 

the 0 oxidation states and are reversible [27].

Therefore in order to synthesize very efficient Bi visible emitters it is 

necessary to control the synthesis parameters in order to permit a good 

dissolution of Bi ions and to avoid the formation of optically inactive 

precipitates that reduces the optical efficiency of the Bi-containing systems.

Another limiting factor for optical efficiency depends on 

concentration, as widely studied for RE-doped systems [28], the 

concentration quenching. It is an ion-ion interaction mechanism that consists 

in a resonant energy transfer (ET) between neighbour Bi ions, thus the 

energy continues to travel in the host until the last Bi ion de-excites by

emitting a photon or by transferring it to a non-radiative decay channel, such 

as a defect. The probability to meet a quenching center increases by 

increasing the Bi content, with a consequent reduction of the emitter decay 

time and therefore of the emission intensity, as shown in Fig. 2.5.

Figure 2.5. Emission spectra of Bix:Y2-xSiO5 nanopowders for 
different Bi contents under excitation wavelength at 326 nm. The
inset shows the typical concentration quenching effect, strongly 
evident for x Bi content higher than 0.01 [29].
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Assuming that the emitters are uniformly distributed inside the host, 

the quenching centers density is low enough and the energy transfer occurs 

through dipole-dipole interactions, the emitter lifetime, can be expressed 

by the equation [30] = + + 8 (2.2)

where r is the radiative lifetime, i is the intrinsic non-radiative 

lifetime in absence of energy transfer, C is an interaction constant, Nq and N

are respectively the defects and emitters concentration. 

Thus, to make bismuth an efficient emitting center in Si compatible 

materials, the control of the Bi concentration and of the defect centers is a 

very important step in order to maximize the optical efficiency of the system,

together with the preservation of a good ions dissolution in the host.

2.2. Visible emission from Bi in silicate thin films 

In order to solve the limits encountered in dissolving optically active 

Bi in Si compatible materials we have proposed its introduction in yttrium

disilicate thin films. Indeed it has been recently demonstrated that this host is 

one of the most suitable for Si based photonic devices. After a brief 

introduction on its potentiality, the structural and optical properties will be 

shown.

2.2.1.Yttrium silicate as a Si compatible host for emitting 

ions

RE silicates belong to an important class of chemically stable Si-

compatible compounds formed by the mixture of silicon oxide with another 
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RE oxide. In this material, REs ions are not only dopants in the host but 

constituents, thus permitting to have silica-based materials containing high 

amount of REs atoms without the limit of metallic clusters formation. 

Recently different classes of RE silicates thin films have been studied for 

photonic applications [31,32], and in particular the interest is further 

growing towards mixtures of different RE silicates. Indeed they consist in 

very similar compounds, with the same crystalline structure and similar 

lattice parameters. In this way, also owing to the similar ionic radii between 

REs, it is possible to replace in a RE silicate structure another RE atom in

substitutional position, by permitting to dissolve large amount of optically 

active REs without clusters formation. In addition, this approach has

permitted to control in a continuous way the REs concentrations and,

consequently, their interatomic mean distances, in order to minimize the 

detrimental effects of concentration quenching. 

Among all the RE silicates already studied, we have chosen yttrium 

disilicate. Although yttrium does not belong to the lanthanides series, it

chemically behaves as a RE, owing to its similar ionic radius and to its 

electronic configuration, [Kr]-4d15s2, that allows it to lose its three outer 

electrons, becoming Y3+. The advantage of this structure with respect to the 

other REs silicates is that Y3+ is not optically active (having the 4f shell 

empty), thus giving transparency properties from the visible to the infrared 

range to its compounds. As a consequence, if another optically active RE is 

dissolved inside, the optical properties of the compound are strictly related to 

the additional RE.

By depending on the relative content of SiO2 and Y2O3, different 

stoichiometric yttrium silicates have been stabilized [33], as shown in Fig. 

2.6 by the phase diagram of (SiO2 + Y2O3) system. Y2SiO5 and Y2Si2O7 are 
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the most stable stoichiometric phases in thin films for application in 

microelectronic as dielectric gates [34,35] and in photonic devices as 

optically active media [36,37], thanks to the high chemical stability at the 

typical working conditions of Si-based devices.

Figure 2.6. Phase diagram of (SiO2 + Y2O3) system [38].

The crystalline properties of Y2SiO5 and Y2Si2O7 are fairly 

complicated because both have different crystalline phases, called 

polymorphisms, depending on the synthesis parameters and post annealing 

treatments. The control of the crystalline structure is very important because 

the different ligands between RE and oxygen atoms strongly affect the 

optical properties of REs. In particular, Fig 2.7 reports the different 

polymorphs found for different RE disilicates by varying the temperature of 

the synthesis process. Different modifications ( and phase) can be 

stabilized and, according to Ito and Johnson [39], the transition sequence of 

the reconstructive transformations is the following:
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(2.3)

Instead, the y-phase is not shown in Fig. 2.7 because it corresponds to 

a ‘‘low-temperature’’ form, that is found also in nature in a mineral called 

yttrialite. 

The most common phases in which thin films crystallize, after 

treatments at temperatures typically used for Si-based devices, are the y and 

phases, found in some cases also simultaneously. The remaining phases 

and form at higher temperature, thus are not easily stabilized. The y-

phase is monoclinic, characterized by a space group P21/m and cell 

parameters a= 7.50 Å, b= 8.06 Å, c= 5.02 Å and = 112.4° [40]. The -

phase, found usually together with the y-phase, has instead a triclinic

structure, characterized by a space group P-1, with unit cell parameters: a= 

6.59 Å, b= 6.60 Å, c= 12.25 Å and = 94.0°, = 89.2°, = 93.1°.

Figure 2.7. The different stable polymorphisms obtained for 
different RE2Si2O7 by varying the annealing temperature [33].
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Thus in general, in order to crystallize an amorphous disilicate thin 

film annealing temperatures above 900 °C – 1000 °C are required. An

example of -phase crystallization of Y2Si2O7 on SiO2 is shown in Fig 2.8.

As it is possible to observe, the layer is kept amorphous although thermal 

treated up to 1000 °C. This thermal budget, even if not sufficient to permit 

the crystallization, improves the quality of the host by inducing a local 

ordering of the atoms as demonstrated by the optical properties of the active 

RE elements introduced in the host [42,43]. Temperature of 1100°C and 

above are indeed needed to observe crystallization.

Figure 2.8. X-ray diffraction pattern of yttrium disilicate, that 
shows the crystallization in the -phase of Y2Si2O7 after 1100 °C 
annealing treatment [41].

The possibility to dissolve inside the Y disilicate other optically active 

REs has been already widely demonstrated in literature. Owing to the known 

similarities of Y3+ and RE3+ ionic radius and taking into account their similar 

crystalline structure, trivalent REs can be then well incorporated in Y 

substitutional position, thus tuning the concentration from the dopant to the 

constituent level without cluster formation, as already demonstrated for Er, 
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Yb for the infrared emission and for Eu, Tm, Ce [37,44] for visible emission 

in field emission displays (FED) applications. Also the stabilization and 

dissolution of divalent species, as Yb2+, Eu2+, Sm2+, Tm2+ as efficient visible 

emitters have been demonstrated in several disilicate structures [45,47] by

covering different ranges of the visible spectrum.

Since Bi ions can be stabilized in different oxidation states depending 

on the synthesis condition and the chemical environment and due to the 

peculiar properties of disilicate host to dissolve very high amount of dopants 

without clustering, we have proposed the introduction of Bi ions in yttrium 

disilicate structure. Only a few works already exist focused on Bi in yttrium 

monosilicate powders [29,48], interested in realizing white phosphors by the 

coupling with visible REs emitters such as Eu and Dy; however there are no

studies on silicon-based thin films. Thus in the following the structural and 

optical properties will be discussed in details.

2.2.2.Controlled emission range from Bi in yttrium disilicate

thin films

Yttrium disilicate thin films have been grown by ultra-high vacuum 

magnetron co-sputtering. The used base pressure was about 10-9 mbar. All 

the depositions were performed in Ar atmosphere (5×10-3 mbar) by 

radiofrequency co-sputtering from two high purity targets, Y2O3 and SiO2,

on c-Si (100) substrate heated at 400°C during the film growth. By varying 

the power applied to the targets it was possible to calibrate the deposition 

parameters in order to obtain good quality thin films having the yttrium 

disilicate stoichiometry, such as Y:Si:O=2:2:7, as verified by Rutherford 

Back-scattering Spectrometry (RBS).
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Bismuth was then introduced in the as deposited Y2Si2O7 film, 130 nm

thick, by a 400 kV HVEE (High Voltage Engineering Europe) ion implanter.

The energy, 270 keV, has been chosen by SRIM (Stopping and Range of 

Ions in Matter) simulations, in order to center the Bi distribution inside the 

film thickness. Nominal Bi dose of 2×1015 Bi/cm2 has been used. The as-

implanted samples were then annealed by a rapid thermal annealing (RTA) 

treatment at 1000°C for 30 seconds in an oxidizing atmosphere (O2) and in 

an inert one (N2), in order to remove eventual defects introduced by the ion 

implantation process and to optimize the quality of the disilicate structure.

The amorphous nature of the doped thin films after both the annealing 

treatments was confirmed by transmission electron microscopy (TEM). The 

diffraction pattern, acquired with the JEOL Jem 2010 TEM under 200 keV 

parallel electron beam, is shown in the inset of Fig. 2.9 for the O2 treated 

sample. By bright field TEM images it was possible to observe the good 

quality of the annealed film also after this high temperature annealing. In the 

bright field TEM cross section reported in Fig. 2.9 for O2 treated sample, the 

Y disilicate film appears uniform and exhibits a sharp interface with an

underlying thin SiO2 layer, about 3-4 nm thick. However it is evident also 

the presence of some precipitates, less than 3 nm in diameter, in the middle 

of the film thickness. Similar images have been obtained also for the 

annealing treatment in nitrogen.
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Figure 2.9. Bright field cross view TEM image of the annealed 
Bi:Y2Si2O7 thin film on c-Si after O2 treatment. In the inset the 
relative diffraction pattern is shown, evidencing the amorphous 
nature of the sample.

By an electron energy loss spectrometer coupled to the TEM

apparatus, it was possible to acquire energy filtered TEM (EFTEM) images

by selecting electrons that have lost the energy corresponding to the 

excitation of the typical shell core electrons. By making EFTEM selecting 

the N2,3-Y edge at 26 eV, the L-Si edge at 99 eV and K-O edge at 532 eV, it 

was possible to obtain elemental maps with the typical nanometric resolution 

of TEM, that demonstrated that all these elements are uniformly distributed 

along all the film thickness. The absence of out-diffusion of Y and O 

combined with the presence of a sharp interface with underlying Si are 

important factors for the realization of optical devices, since they 

demonstrate the chemical stability, especially after high temperature 

annealing treatments.
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However it was not possible to distinguish the nature of the 

precipitates neither to acquire the EFTEM signal coming from electrons with 

energies correspondent to the O4,5-Bi edge (30 eV), owing to the low Bi 

content and its overlapping with a broader and more intense signal related to 

the host plasmon, typically extended between 10 eV and 50 eV. Therefore 

since no precipitates are present in the un-doped Y disilicate samples we can 

suppose that the precipitates contain Bi, but nothing can be deduced about 

their composition. 

Therefore a further analysis was performed by RBS measurements, in 

order to obtain information about the Bi distribution. In particular, Fig. 2.10

compares the Bi distribution profile of the as implanted sample with the ones 

after annealing treatment in N2 and in O2 atmospheres. RBS analysis of the 

as implanted sample reveals that the Bi distribution profile has a Gaussian 

shape, according to the ion implantation process, peaked at about 60 nm 

from the surface and with a FWHM of 56 nm, thus the implanted Bi dose is 

entirely included inside the film thickness.

Surprisingly the profiles appear different after the different treatments. 

In particular after the N2 treatment the Bi distribution profile is not varied

with respect to the as-implanted one, instead after the O2 annealing it is 

broadened along all the film thickness and has a constant intensity equal to 

about 1.7×1020 Bi/cm3 (0.2 Bi%). Since after both treatments the total 

integral doses are unchanged, we can conclude that no Bi desorption occurs 

at this high temperature annealing. Then a redistribution of Bi ions along the 

film thickness is induced only in the oxidizing ambient, by an enhancement 

of the Bi mobility inside the Si-O structure, as already observed in silica 

[16].
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Figure 2.10. Bi distribution profile as a function of depth from 
the surface of the as-implanted sample and of the samples treated 
in nitrogen(ann.N2) and in oxygen (ann.O2). The profiles are 
obtained by RBS measurements. 

Therefore, since the TEM analyses do not reveal any differences 

between the two treatments, we can conclude that the different atomic Bi 

distribution can be associated to dissolved Bi ions, not visible in TEM.

Instead we suppose that the precipitates observed for both atmospheres have 

a metallic nature, as reported in section 2.1.2 for silica based materials [20].

Also the optical properties of the samples treated in the two annealing 

ambients confirm the different natures. The photoluminescence spectra (PL) 

of the samples treated in nitrogen and in oxygen were studied by using an 

He-Cd laser, with 325 nm line as excitation source, in order to involve the 

excitation of all the possible Bi oxidation states. The spectra have been

compared in Fig. 2.11. When the samples are treated in oxygen, a blue broad

band peaked at 430 nm has been observed; it is ascribed to the 3P1
1S0
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transition of Bi3+ ions after excitation of the same Stokes shifted band.

Instead for the nitrogen treated sample no blue luminescence is detectable,

but only a weaker broad emission peaked at 620 nm has been observed. This 

orange-red signal can be associated to the Bi2+ oxidation state: after the 
2P1/2

2S1/2 excitation, Bi2+ ions de-excite non-radiatively to 2P3/2, and then

return to the ground state with the emission of a photon. 

Figure 2.11. Comparison of the PL spectra from the Bi doped Y 
disilicate after the annealing treatment in oxygen and in nitrogen 
under the 325 nm excitation source [49]. In the inset, a scheme of 
the energy levels of both the emitting Bi oxidation states is 
shown, with the relative transitions involved in the excitation and 
emission processes.

A scheme of the energy bands of both Bi3+ and Bi2+ oxidation states is 

shown in the inset of Fig. 2.11. Thus after N2 atmosphere thermal treatment 

the PL measurements suggest the absence of Bi3+ oxidation state and instead 

the presence of Bi2+ ions, probably formed by the Bi3+ ions reduction
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induced by the high temperature annealing in N2 atmosphere, as already 

demonstrated in porous silica [17]. Since the nanoparticles observed in the 

TEM images are present for both the annealing atmospheres, while the 

optical properties demonstrate a strong difference, we believe that the 

different optical properties can be associated to dissolved Bi ions in the host. 

These ions can diffuse in oxygen, as already demonstrated by RBS 

measurements, stabilizing themselves in Bi3+ oxidation state. However, 

though in nitrogen no Bi diffusion has been observed, optical properties 

demonstrate that dissolved Bi ions are present as Bi2+ ions.

In conclusion, although in yttrium disilicate host Bi ions are not 

completely dissolved into the host , the stabilization of two different 

oxidation states, Bi3+ and Bi2+, can be controlled by the post-annealing 

atmosphere and thus different emission bands, respectively in the blue and in 

the orange range, are obtained by making this material suitable for 

application in visible Si-based light emitting devices.

2.3. Beyond the Bi solid solubility limit: Bi-doped yttrium oxide 

thin films

In order to find a proper host to better dissolve higher optically active 

Bi doses in Si-compatible materials, in this section yttrium oxide thin film 

has been proposed. Though extensively used as phosphor, a very few reports 

regard its application as thin film for photonic devices. After a brief 

introduction on its potentiality, the structural and optical properties will be 

shown.
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2.3.1.Yttrium oxide as a Si compatible host for REs ions

Yttrium oxide, as Y silicate, can be used as host for REs, owing to the 

feasibility in introducing them in Y3+ substitutional positions, since they

have the same valence state and similar ionic radii. For example, Eu:Y2O3

powders are widely used as efficient red phosphors in combination with 

other green and blue emitting materials for the fabrication of “cool white” 

fluorescent lamps. As an example, the optical properties of (Eu+Tb) codoped 

nanophosphors are shown in Fig. 2.12.

Figure 2.12. a) PL properties of Eu and Tb codoped Y2O3
phosphors with different Tb/Eu content ratios. b) Photos of the 
color-tuning of PL emission when the phosphors are dispersed in 
ethanol under 254 nm excitation. [51].

a)

b)
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In particular the PL spectrum is reported in Fig. 2.12.a) where the 

typical green/blue emission associated to the Tb 5D4
7F5 transition is 

compared with the red one relative to Eu 5D0
7F2 transition. The color 

from the nanophosphors is fine-tuned by varying the atomic ratio of the two

REs. Also photos recorded from the same nanophosphors dispersed in 

ethanol under UV irradiation are reported in Fig. 2.12.b) [51].

In recent years yttrium oxide (Y2O3) thin films grown on c-Si are

receiving extensive interest in a wide range of technological applications.

Indeed owing to the high dielectric constant (~16), the low lattice-mismatch

[a0
(Si)×2= 1.086 nm; a0

(Y2O3)×2= 1.064 nm] and the high thermal and chemical 

stability with silicon at the typical Si-processing temperature, Y2O3 thin film 

has been used as a high-k dielectric for the replacement of the SiO2 gate in

complementary metal oxide semiconductor (CMOS) devices [52,53] as well 

as a buffer layer in memory devices [54]. Several methods have been 

successfully developed to synthesize good quality yttrium oxide films on 

silicon, such as electron beam evaporation, pulsed laser deposition (PLD), 

magnetron sputtering, chemical vapour deposition (CVD), molecular beam 

epitaxy (MBE), and atomic layer deposition (ALD).

Together to the technological developments of yttria thin film 

synthesis, its properties of transparency over a broad spectral range (from 0.2 

m to 2 m), high refractive index (~1.9-2.0), large band gap (~5.8 eV), low

absorption and the well-known good quality as host for REs makes this 

material highly interesting also for optical and electro-optical devices, 

including laser mirrors, broadband interference filters, waveguides, and 

nano-photonic devices. In addition, since the low host phonon energies,

approximately 330 cm-1 - 370 cm-1, ensure low non-radiative losses, RE in 

Y2O3 films can reach higher quantum efficiencies. Among the REs 
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introduced in yttrium oxide thin films, Eu has been proposed as an efficient 

visible emitting center for LEDs [55]; it is also possible to find some 

examples of Eu [56] or Tm [57] doped Y2O3 thin films for visible waveguide 

applications. Moreover, the couple Er-Yb has been also extensively 

investigated for waveguides [58] or up-conversion processes in the visible 

for bio-applications.  

2.3.2.Optimization of the yttrium oxide host for Bi 

dissolution

Un-doped yttrium oxide thin films were deposited on 5 inches c-Si 

wafers by radio-frequency magnetron co-sputtering. The power applied to 

the Y2O3 target was fixed at 500 W and the substrate was kept heated at 

400°C during the deposition. Bi ions were then introduced by ion

implantation at 270 keV, as already described for Bi-doped Y2Si2O7. The Bi 

dose was varied between 2×1013 Bi/cm2 and 5×1015 Bi/cm2. The un-doped 

and as-implanted samples were then annealed at 800 °C for 30 min in 

oxygen atmosphere to remove eventual defects left over by the implantation

process and to favor the stabilization of the Bi3+ oxidation state.

The Y2O3 stoichiometry has been verified by RBS both for the as 

deposited and Bi-doped samples. As an example the RBS spectrum is shown 

in Fig. 2.13.a) for the sample implanted with 5×1015 Bi/cm2. The surface 

energy thresholds of the detected elements are also indicated in the same 

figure. The constant signals related to Y and O content along the film 

thickness evidence their uniform distribution, differently from the Bi related 

signal. The zoom of the Bi profile is reported in Fig. 2.13.b), where the x 

axis of the RBS spectrum has been converted from an energy scale to a 
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depth scale and the y axis has been converted in Bi concentration through the 

SIMNRA software. The Bi distribution is not uniform, as expected for an

implantation profile, and shows the typical Gaussian shape related to the ion 

implantation processes.

Figure 2.13. a) RBS spectrum of Y2O3 implanted with 5×1015

Bi/cm2 thin film, 120 nm thick. O, Y, and Bi (in order of 
increasing energy) surface energy thresholds are reported as blue 
lines. b) Bi concentration as a function of the film thickness is 
reported.

The as deposited sample results to be polycrystalline, due to the 

thermal contribution provided by the substrate heating (400°C), that 

facilitates the ordered redistribution of Y and O atoms. In particular the 

polycrystalline body centered cubic (bcc) structure of Y2O3 [59] was 

detected by XRD analysis. 

The diffraction pattern of the as-implanted samples is unchanged with 

respect to the as-deposited samples. Moreover after annealing treatment both 

the un-doped and the implanted sample keep unchanged the crystalline 

structure with respect to the as-deposited one. As an example Fig 2.14 shows 

the comparison of the XRD patterns of the annealed un-doped samples and 

doped with 2×1015 Bi/cm2. Thus both the annealing treatment and the 
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presence of the Bi atoms do not affect the film crystalline structure. Indeed 

since all the diffraction peaks do not show a doublet when Bi is present, the 

absence of two separated phases of Y2O3 and Bi2O3 is guaranteed. They 

present only a slight shift towards higher angles, as shown in the insert of 

Fig. 2.14: it can be correlated to a slight shrinkage of the yttria lattice 

parameter induced by the introduction of Bi ions, having larger ionic radius, 

in Y sites. Thus we can suppose a good dispersion of Bi3+ ions in 

substitutional Y sites in the yttria lattice.

Figure 2.14. XRD spectrum of the un-doped Y2O3 thin film
compared with the one of the as-implanted sample with 2×1015

Bi/cm2, both annealed at 800°C for 30 min in oxygen. The Muller 
indices of the bcc Y2O3 crystalline structure are reported. The
slight peaks shift at higher diffraction angles in the doped sample
is reported in zoom in the inset.

In order to further confirm the Bi dissolution inside the matrix and the 

host quality, TEM analysis has been performed. Figure 2.15 reports a TEM 

image in bright field of the yttrium oxide film doped with 5×1015 Bi/cm2
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after the annealing treatment. The uniformity and good quality of the film is 

evident, in particular the good interface between film and substrate is 

guaranteed, thus demonstrating a good chemical stability on silicon also after 

high temperature annealing treatments. Large polycrystalline grains (of 

about 15-20 nm) are evident, and the related diffraction pattern, shown as an 

inset, further confirms its polycrystalline nature. The TEM images appear 

unchanged with respect to the ones acquired from the as-deposited and the 

as-implanted samples before the annealing treatment. Therefore we can 

assure again that implantation and annealing processes do not modify the 

structure of the yttrium host.

Figure 2.15. Bright-field cross-sectional TEM view of Bi:Y2O3
with 5×1015 Bi/cm2 after annealing treatment. The relative 
diffraction pattern is shown in the inset.

Moreover no Bi precipitates are visible along the film thickness, thus 

demonstrating a good dissolution of Bi ions inside yttrium oxide thin film. 
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Therefore this host appears suitable to incorporate high Bi content without 

any precipitation. 

2.3.3.Wavelength selective Bi3+ emission range 

In order to study the optical properties of dissolved Bi ions in this 

host, the PL spectra have been recorded by using a He-Cd laser, with 325 nm 

excitation wavelength to involve the excitation of all the possible Bi 

oxidation states. Since Y is not excitable under this condition, the only 

observed broad band peaked at about 500 nm, shown in Fig. 2.16.a), can be 

associated to the Bi3+ 3P1
1S0 transition. Therefore also the optical 

properties confirm the existence of only Bi3+ optically active oxidation state. 

Two other minor peaks at 406 nm and at 363 nm are also present.
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Figure 2.16. Normalized PL emission spectra from Bi:Y2O3 for 
2×1015 Bi/cm2. Two different emissions can be observed: a)
related to C2 and b) to S6 symmetric sites. The excitation 
wavelength are reported. The excitation bands of the two sites are 
also shown.

In order to understand the nature of these emission peaks, PLE spectra

have been recorded at 500 nm, line and open triangles in Fig. 2.16.a), and at 

406 nm, line and open circles in Fig. 2.16.b). The two excitation spectra are 

different and can be ascribed to the same 1S0
3P1 transition but associated 

to two known different Y3+ lattice sites: S6 sites, characterized by having two

oxygen vacancies along the diagonal of the cubic cell, and C2 sites, with
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oxygen atoms missing from one of the face diagonals, as schematized in Fig. 

2.17 [60]. In an yttrium oxide cubic cell the ratio between these two sites is 

1:3. 

Figure 2.17. Crystalline scheme of the two symmetric sites in 
bcc-Y2O3. Red and green dots represent the trivalent atoms while 
light blue dots the oxygen atoms. Two oxygen vacancies are 
present in both of the cells, located in a face diagonal in the C2
site and in the cube diagonal in the S6 site [60].

Since Bi3+ ions are supposed to occupy the Y3+ sites in substitutional 

position, both the two symmetric sites are possible for Bi occupancy. Due to 

the extensively discussed sensitivity of Bi optical properties to the 

environment, we expect that the emission and excitation spectra will be 

strongly dependent on the occupied site. The energetic schemes for a free 

Bi3+ ion and for a Bi3+ ion incorporated in the two symmetric Y2O3 sites are 

compared in Fig. 2.18.a), b) and c) respectively [61]. When the Bi ions are in 

presence of the crystalline field, the 3P1 energy level splits in a doublet (in the 

S6 site) or in a triplet (in the C2 site).The correspondent levels are indicated 

by the Mulliken symbols [62] that take into account the symmetries with 

respect to the principle rotation axis. As a consequence, the radiative 

transitions appear strongly affected by the symmetric sites and in particular 

each one is peculiar of the correspondent one.
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Figure 2.18. Scheme of the Bi3+ lower energy levels a) for a free 
ion and b)-c) for an ion in presence of the crystal field for the S6
and C2 symmetric sites respectively [61]. The most important 
radiative excitation and de-excitation transitions are represented 
by straight arrows while the non-radiative ones by wavy arrows. 
The reported energy level nomenclature is given by Mullikan 
symbols.

Thus the broad excitation band observed between 300 nm and 380 nm 

in Fig. 2.16.a), when the emission wavelength is fixed at 500 nm, can be 

ascribed to the excitation from 1S0 to 3P1, that is the convolution of the triplet 
3A-3B-3B when Bi3+ is in the C2 symmetric site. The further excitation peak 

observed in the deep UV, at 258 nm, can be ascribed to the transition from 
1S0 to 1P1, permitted by the selection rules and not shown in Fig. 2.18. 

Instead when the emission wavelength is fixed at 406 nm, the 

excitation spectrum in Fig 2.16.b) presents two main excitation peaks at 334 

nm and 368 nm that can be instead associated to the 1S0
3P1 transition in 

the S6 symmetric site, where the 3P1 excited state is splitted in the doublet 3Au

and 3Eu, owing to the effects of crystalline fields and spin orbital coupling, as 

in Fig. 2.18.b). A further peak below 250 nm is expected; it is associated to 

the 1S0
1P1 transition as already identified at 258 nm for the C2 site.

Moreover the emission peak at 363 nm observed in the of Fig. 2.16.a) can be 

then ascribed to the 3P1(3Au
1S0 (1Ag) transition of the S6 site.

3P1

3P0

1S0

a). Free Bi3+                    b). Bi3+ in S6               c). Bi3+ in C2
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It is interesting to note from the comparison of PLE spectra in Fig. 

2.16.a) and b) that it is possible to excite selectively one of the two sites by 

choosing the appropriate excitation range. In particular, it is possible to 

obtain only the green emission from C2 site under 310 - 330 nm excitation 

range and only the blue emission from S6 site for excitation wavelengths 

between 360 nm - 390 nm. This point is well described by the 3D emission 

spectra shown in Fig. 2.19 where it is evident that the green and blue 

emission can be alternatively switched on (and off) by properly choosing the 

excitation wavelength. 
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Figure 2.19. 3D PL emission spectra by varying the excitation 
wavelength from Bi:Y2O3.

Since the excitation wavelengths range between 330 and 350 nm is 

common to the two excitation spectra, it can excite both sites. Therefore the 

emission spectra in this case are given by the overlap of the two sites 
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emissions. In particular under 350 nm excitation, both sites have equal 

intensities, as it is clearly visible from the Fig. 2.19, thus obtaining a broader 

emission ranging from 400 nm to 600 nm.

In order to obtain the true color of the broadband emission of the 

sample, we have calculated the Commission International de l’Eclairage 

(CIE) chromaticity coordinates [63] that indicate the color of the light source 

independently of its luminous intensity. Indeed the chromaticity of a color 

can be specified by two chromaticity coordinates, x and y, that are calculated

through the overlap integral of a spectral emission in all the visible range 

with the three functions (known as color matching functions) representing 

the cones spectral responses of the eyes of a standard observer. In Fig. 2.20 

the CIE coordinates of the sample are represented as open dots in the CIE 

chromaticity diagram. In particular we report in the following the 

chromaticity coordinates associated to the light emitted under three peculiar 

excitation wavelengths, that are chosen in order to selectively isolate C2 or 

S6 Bi3+ emissions (320 nm and 370 nm) and to excite both of them with the 

same emission intensity (350 nm). Values of (0.24, 0.36) and of (0.18, 0.08) 

have been obtained under the 320 nm and the 370 nm excitation, 

respectively; the latter one in particular is very close to the CIE (1931) RGB 

standard blue source (0.169, 0.089). Under 350 nm excitation values of 

(0.23, 0.32) have been instead estimated, thus far away from the CIE (1931) 

RGB standard white source (0.33, 0.33) due to the lack of a red component 

in the emission spectrum. However, as it is possible to see by the dashed line 

reported in Fig. 2.20, it is possible to tune the visible emitted light in a 

continuous way from the violet to the green by just tuning the excitation 

source in the UV, from 310 nm to 390 nm, thus suggesting this material as a

suitable blue/green emitter for light emitting devices.
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Figure 2.20. CIE chromaticity coordinates of the Bi:Y2O3
containing 2×1015 Bi/cm2 after annealing treatment, under different 
excitation wavelengths: A under 380 nm, B under 370 nm, C under
360 nm, D under 350 nm, E under 340 nm and F under 320 nm.
Chromaticity coordinates of Bi3+ (0.20,0.19) and Bi2+ (0.42,0.45) 
in disilicates are reported by squares as a comparison.

2.3.4.Three levels model for Bi3+ PL temperature dependence

In order to further understand the Bi de-excitation mechanisms in the 

C2 site, which shows a high efficiency in a broader wavelengths range, 

temperature dependence of the optical properties has been investigated under 

325 nm excitation wavelength. This analysis has permitted to study the Bi3+

emission properties when phonon-assisted interactions with the host are 
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somehow frozen by the low thermal budget and to compare them with the 

optical properties at room temperature (RT).

Under this excitation wavelength we have acquired both decay times 

and PL spectra, by varying the temperature in all the range 11 K-200 K. A 

He-Cd laser chopped by an acousto-optic crystal at 55 Hz has been used as 

excitation source. The modulated luminescence signal has been detected 

with a water cooled Hamamatsu photomultiplier tube coupled with a photon

counting multichannel scaler with overall time resolution of 200 ns.

Figure 2.21 shows the lifetime behavior acquired at det= 500 nm (3P1

1S0 transition) for two different temperatures in the low temperature 

regime, 11 K and 30 K, for the sample containing 2×1015 Bi/cm2. Lifetime 

curves appear faster at 30 K and a further reduction has been observed by

increasing the temperature up to 200 K, not shown.

Figure 2.21. Time resolved measurements of Bi3+ emission band at 500 
nm for 2×1015 Bi/cm2 acquired at two different temperatures, 11 K and 
30 K. Double exponential fits are also reported in the figure. In the 
inset, the used three energy levels scheme is illustrated.

0 500 1000 1500 2000 2500 3000

0.01

0.1

1

No
rm

ali
ze

d 
PL

 In
ten

sit
y 

at 
de

t= 
50

0 
nm

Time ( s)



Chapter 2 – Bismuth-doped silicon compatible thin films for visible emission 

84

In all the cases the curves can be fitted by a double exponential 

function with decay values named s1 and s2. The already mentioned 

decreasing trend have been observed for both lifetimes: values ranging from 

120 s to 0.42 s have been obtained for s1 and from 374 s to 0.90 s for 

s2 in the temperature range between 11 K and 200 K.

The 3P1
1S0 transition, related to the visible emission, is allowed by 

the dipole-dipole selection rules, thus radiative decay rates in the range 

between 107-109 s-1 are expected. However we were not able to resolve this 

fast component ( fast) due to the overall resolution of the used system (200 

ns). Since it does not explain the longer decay times observed in Fig. 2.21 

for all the investigated temperatures, a three levels model must be taken into 

account [64,65], whose scheme is shown in the inset of Fig. 2.21, where, the 

ground state (1S0) has been labeled as 1, the first permitted excited state (the 

multiplet 3P1) as 2 and the forbidden excited state, 3P0, has been labeled as 

“m” (metastable). We have already mentioned that the first excited level, 3P0,

shown in Fig. 2.18, cannot be excited directly by the absorption of a photon 

because the transition from the ground state is forbidden by the selection 

rules, but however phonon-mediated transitions between 3P1 and 3P0 occur. 

The 3P1 lifetime value is of the order of 0.5 ms [65,66].

Assuming that all of these levels can be populated, being , and

the relative populations, the rate equation of the three energy levels can 

be written as [65] =  +  =   ( + )=  +  ( + )
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where and are the rate of absorption and of radiative de-

excitation of the 3P1 energy level from and to the ground state,  is the 

total de-excitation rate to the ground state of the 3P0 energy level, and 

and represent respectively the phonon de-excitation and phonon 

absorption rate from 2 to m (and vice versa). When the excitation source is 

switched off, a possible solution of the above equations is represented by a

PL intensity function of time as a sum of two decreasing exponentials, with 

decay constant obtained by the solutions of the following equation:

( + ) + ( ) = 0 (2.7)

with      
=  +  =  +  

By assuming that the radiative rate of the permitted level is much 

bigger than the one of the metastable level and that is much bigger 

than  in the low temperature regime, two solutions can be obtained. The 

first one, fast, is associated only to the radiative emission rate and to the 
3P1 non-radiative de-excitation up to 3P0 by a phonon exchange with the 

lattice, thus being very fast, 

= + .           (2.8)

The second one is instead related to the metastable state and to the 

interaction between 3P1 and 3P0 by the absorption of a phonon; thus this 

lifetime value, slow, is much longer,

= +   . (2.9)
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This behaviour can be qualitatively explained by considering that the 

absorbed UV photon promotes an electron from 1S0 to 3P1 energy band. Then 

this electron can return in the ground state by causing the emission of a 

photon at 500 nm or it can be trapped by the energy favoured 3P0 metastable 

state. Since the radiative de-excitation from this energy level is forbidden by 

selection rules, the electron can be reabsorbed by the 3P1 energy level with a 

temporal delay related to the phonon-assisted processes. At this point it 

returns back in the ground state by the emission of a photon at 500 nm but, 

owing to the temporal delay introduced by these phonon-assisted de-

excitation and reabsorption processes, the measured 3P1 lifetime value ( slow)

results longer than its direct de-excitation time ( fast).

The phonon absorption rate and the phonon emission rate are 

linked by the Boltzmann distribution (thermodynamic equilibrium between 
3P0 and 3P1)

= (2.10)

where is the energy distance between 2 and m, T is the temperature in 

Kelvin and is the Boltzmann constant. Thus slow can be differently

approximated in the low and in the high temperature regime by the following 

relationships [65]:

= +  +                   (2.11) = +                                                  (2.12)  
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By taking into account the above described model, we can associate 

the observed experimental decay times in Fig. 2.21 to slow. Since in addition 

the 3P1 energy level can be splitted in a triplet, as widely discussed in section 

2.3.2, the two observed components s1 and s2 can be then correlated to the 

interaction between the metastable state and the two 3P1 sub-levels, named
3B. 

In the low temperature regime the temperature dependence of 1/ s can 

be evaluated by separately fitting 1/ s1 and s2 trends by Eq. (2.11) . The 

1/ s1 and s2 trends as a function of temperature and the relative fitting 

curves are shown in Fig. 2.22. In both cases the rates maintain almost

constant up to 25 K, then they decrease rapidly.
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Figure 2.22. 1/ s1 and 1/ s2 decay rate versus 1/T(K). The 
continuous lines are the fitting curves, obtained by Eq. (2.11).
The values 1 of 24.4±0.5 meV and 2 of 21.8±1 meV have been 
obtained by the fit.
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By the reported fits, it has been possible to estimate fundamental 

parameters such as and . In particular values of 9.5 s-1 and 5.1 s-1

have been obtained for the phonon de-excitation rate , while values of 

21.8±1 meV for 1 and of 24.4±0.5 meV for 2 have been obtained for the 

distances between each sub-level contained into 3P1 and the metastable 3P0.

This suggests a distance between the sub-levels of around 2.6±1.1 meV. 

These values are compatible with the value of 30 meV already obtained for  in the case of Bi:Y2O3 powders [67].

In order to verify if the same lifetime decreasing trend as a function of 

temperature was still valid for higher temperatures, time resolved 

measurement at room temperature (RT) was performed for the sample 

containing the same Bi dose, 2×1015 Bi/cm2, at the same det= 500 nm. Since 

the lifetime curve was not detectable by using the previous apparatus, 

compact spectrofluorometer equipped with a pulsed nano-LED at a nominal 

emission peak of 330 nm and time pulse of 1.5 ns as an excitation source has 

been used, suitable to detect much faster decay times but only at room 

temperature. The luminescence signal has been recorded with an Hamamatsu 

photomultiplier by using the time-correlated single photon counting 

(TCSPC) method. The decay curve acquired under these conditions is 

reported in Fig. 2.23.
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Figure 2.23. Time resolved measurement of Bi3+ emission band 
at 500 nm for 2×1015 Bi/cm2. The measurement is acquired at RT. 
Double exponential fit is also reported in the figure. In the inset, a 
zoom of the initial range 0-100ns is shown, by evidencing a 
further faster decay time. By a single exponential fit, reported in 
the same figure, lifetime value of 8 ns has been obtained.

By comparing this decay curve with the ones acquired at low T, 

shown in Fig. 2.21, it is immediately evident that the temporal scale differs 

by a factor of 1000. Despite this aspect, also at RT the lifetime curve can be 

fitted by a double exponential function, obtaining values of 105 ns for s1

and 497 ns for s2 which are around three orders of magnitude lower than the 

ones found at 11K. In addition to these slow components, the ns pulsed light 

source has permitted to detect much faster decay time; indeed at RT we can 

distinguish also the presence of a rapid component, zoomed in the inset of 

Fig. 2.23. This component can be fitted by a single exponential function, 

obtaining a value of 8 ns. Since a faster component, representing the 
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radiative de-excitation from the 3P1, is expected as a solution of Eq. (2.7), we 

can conclude that the observed rapid lifetime corresponds exactly with the 

fast component of the three levels model.

Also the PL emission shape was detected to be strongly affected by 

the temperature. Fig. 2.24.a) compares the PL spectra at two different 

temperatures, 11 K and 275 K, for the same Bi content 2×1015 Bi/cm2 under 

325 nm excitation. Totally different spectra appear. Indeed the main broad 

peak observed in the green at RT decreases at lower temperatures and a 

further more intense peak at lower wavelengths, i.e. at 430 nm, appears, 

resulting in a blue light detectable also by naked eyes. We believe that this 

second emission cannot be ascribed to the S6 site for two reasons: (i) the 

used excitation wavelength is not in resonance with the S6 excitation band at 

RT so we do not expect resonance at cryogenic temperature (where the 

excitation and the emission bands should be indeed narrower due to the 

absence of lattice vibrations); (ii) the S6 site emission at RT is typically 

peaked at around 406 nm.

In order to understand the nature of this blue emission, in Fig. 2.24.b) 

the relative integrated blue PL has been reported as a function of the 

temperature in comparison with the integrated green-PL and with the total 

integrated PL in the whole spectrum.
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Figure 2.24. a) PL spectra for two different temperature ranges, 
11 K and 275 K, under 325 nm excitation for 2×1015 Bi/cm2. b) 
Green, blue and total integrated PL trend versus temperature. 
Integrated PL have been obtained after Gaussian deconvolution 
of the two peaks reported in a).

We believe that this blue-radiative emission is related to the transition 

from the third level of 3P1 triplet, named 3A, to the ground state. Since the 

relative lifetime value is under the detection limit of 200 ns, we have 

concluded that this level is not involved in the interactions with the 3P0

metastable state.

We can then explain the observed integrated PL trends of Fig. 2.24.b) 

in the following manner: while at low temperature the highest energy sub-

level 3A, excited by the incoming photon, de-excites radiatively by emitting 

a photon at 430 nm faster than the non-radiative phonon-assisted de-

excitation towards the two lowest 3B energy levels, when the temperature is 

increased this non-radiative transfer prevails. Indeed the PL intensity at 430 

nm quickly decreases by increasing the temperature above 75 K because of 

the reduction of the number of Bi ions populating 3A, and becomes almost 
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zero for temperatures above 150 K, thus meaning that almost no Bi ion 

populates it any more. Contemporarily, the number of Bi ions in the two 3B

energy sub-levels increases owing to the non-radiative de-excitation from the 

over-lying 3A energy sub-level by reaching a constant value at about 150 K, 

thus resulting in an increased PL intensity in the green, as shown in Fig. 

2.24.b). 

In addition, a slight decrease of PL intensities at 500 nm is visible at 

high temperature; this behavior is instead due to the activation of thermal 

quenching (non-radiative) processes related to de-excitation by phonons 

exchange with the vibrational levels of the host.

Therefore it is possible to conclude that while at high temperature the 

Bi3+ (C2) lifetime is mostly related to the radiative de-excitation combined 

with the emission and re-absorption of phonons, at low temperature, where 

the phonons absorption is inhibited, the lifetime is mainly governed by the 

de-excitation through the metastable state 3P0, thus increasing the lifetime

measurements and affecting also the PL behaviour versus T(K). The control 

of the non-radiative quenching phenomena and the maximization of the 

number of Bi ions excited within the 3P1 energy band, avoiding the transition 

in the metastable 3P0 energy band, is indeed very important in order to obtain 

very efficient visible light sources. In addition by changing the temperature 

it is possible to move the population of the excited Bi ions from one level to 

another, by tuning the color of the emitted light from blue to green range.
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2.3.5. Intense cathodoluminescence for FEDs applications

Among the different approaches used to produce flat panel displays, 

an important role is played by field emission displays (FEDs), which are

emitting materials excited by electrons coming from a field emitter. 

Although it is true that in FED technologies many efforts are currently 

devoted to the development and optimization of the electron emitters, there

are still very important issues related with phosphor properties, including the 

synthesis of thin film phosphors exhibiting a full visible luminescence 

spectrum. Most of the phosphors used in FEDs are RE-doped oxides or 

sulfides, but also the employment of Bi in powders [68] has been recently 

proposed. To understand the perspectives of Bi:Y2O3 thin films in FEDs and 

lighting technologies, a study of their cathodoluminescence (CL) properties 

has been performed and compared with the PL properties. The CL spectrum 

has been obtained by using a 15 keV electron beam as excitation source and 

mainly consists of three convolved broad bands with maxima at about 415 

nm, 477 nm and 513 nm as shown in Fig. 2.25; the maxima at 415 nm and 

513 nm can be related to the transition from 3P1
1S0 in both the lattice 

sites C2 and S6. Compared with the PL emission peak reported in the same 

figure, the CL emission peaks are slightly red-shifted. This variation can be 

ascribed to the presence of charge effects related to the interaction between 

the electron beam with the oxide host, that can strongly influence the Bi 

energy bands by the variation of the electric field. Instead the peak at about 

477 nm can be related to the emission from defects into the host, since 

present also in absence of Bi (not shown) [69].

For possible practical applications in display and lighting

technologies, also in this case the chromaticity coordinates correlated with 
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this emission spectrum has been evaluated. Figure 2.25.b) shows the relative

chromaticity diagram where the chromaticity coordinates have been reported 

by a circle. Color coordinates of (0.19, 0.23), corresponding to a light blue 

emission have been obtained, compared with the (0.23, 0.32) obtained 

instead under optical excitation at 350 nm, reported in the diagram as a 

square. These results demonstrate the possibility to excite Bi ions through 

high energy electrons impact and the capability of Bi doped Y2O3 to act as 

an efficient visible blue light source in field emission devices. 
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Figure 2.25. a) CL spectrum obtained for Bi:Y2O3 with 2×1015

Bi/cm2 under 15 keV electron beam. The PL spectrum obtained 
under UV excitation at 350 nm is reported as a comparison. b)
Correspondent chromaticity coordinates of the CL blue emission 
shown in comparison with the ones related to optical excitation.

2.3.6.Bi3+ concentration influence on optical efficiency

In the previous section the optical properties of Bi in terms of 

excitation and de-excitation mechanisms, sites influence, temperature 

behavior and comparison with the PL and CL properties have been discussed 

extensively for a fixed Bi content, 2×1015 Bi/cm2. In this section, the 

a) b)
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influence of Bi content on the optical properties will be treated. Figure 2.26

reports the PL trends relative to the Bi3+ emission at 500 nm (C2) from

Bi:Y2O3. The Bi dose values have been converted in Bi concentration by

taking into account the distribution profile obtained by RBS measurements 

in Fig. 2.13.b) and approximating it such as uniform over a thickness 70 nm, 

by obtaining values ranging from 3×1018 Bi/cm3 to 7.5×1020 Bi/cm3. The 

Bi3+ PL trend is linear with the Bi concentration up to 3×1019 Bi/cm3 and 

then starts to deviate and saturates. 

Figure 2.26. C2 Peak PL intensity at 500 nm versus the Bi 
content (bottom scale) or the mean Bi-Bi distance (top scale), 
obtained under 325 nm excitation. Dashed line is reported in 
correspondence with the critical Bi concentration of 3×1019

Bi/cm3.

This behavior has been attributed to the occurrence of a concentration

quenching process that originates from the interaction among Bi ions. Indeed 

by increasing the Bi concentration, the probability of their resonant 
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interaction increases leading to ET from an ion to a nearby one, until the last 

ion de-excites radiatively or meets a quenching center, as already observed 

in Ref. [70].

We can then define a critical Bi concentration, Bi0, above which the 

Bi3+ PL starts to deviate from the linear trend owing to the concentration 

quenching. Bi0 is equal to 3×1019 Bi/cm3 in our case and, assuming a

uniform Bi distribution in the film, it corresponds to a mean distance 

between Bi ions, dBi-Bi, of 20 Å, defined as d0.

Since the PL intensity is proportional to the lifetimes, decay time 

measurements have been performed for all the Bi concentrations, as shown 

in Fig. 2.27. These measurements were performed at RT by using a nano-

LED at 330 nm as excitation source, as described in 2.3.3. All the cases 

present the fast component related to the de-excitation of 3P1 energy level 

without involving the 3P0 metastable state that is not influenced by the Bi 

concentration. Instead, the long components decrease by increasing Bi 

content, as shown in Fig. 2.27. For all the Bi contents the PL trend versus 

time was fitted by the double exponential function with two different decay 

constants corresponding to the two sub-levels of the 3P1 triplet. Both s1 and 

s2 decrease by increasing the Bi content, respectively from 150 ns to 110 ns 

and from 633 ns to 435 ns, due to the presence of Bi-Bi interactions and 

energy transfer processes that become more preponderant and faster than the 

direct de-excitation by photon emission. These concentration quenching 

phenomena, as described in 2.1.2 by Eq (2.2), influence the measured decay 

rate that is the combination of the intrinsic decay rate (that represents the 

total rate in absence of concentration quenching effects) and the non 

radiative decay rate due to the energy transfer between Bi ions and defect 

centers (grain boundaries, metastable energy levels, point defects, 
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vacancies). These decreases in both the lifetimes obtained by increasing the 

Bi content influence the PL measurements, causing the saturated behavior 

described in Fig. 2.26. The highest Bi contents that permit the highest 

emission intensity limiting the Bi-Bi interactions are found in the range 

7×1019 Bi/cm3 to 3×1020 Bi/cm3.

Figure 2.27. Time resolved measurement at 500 nm and RT for 
different Bi content under 325 nm excitation wavelength.

This result demonstrate that a good control of the Bi-Bi interaction 

processes or of the quality of the host are fundamental steps to further 

increase the optical efficiency of these systems.

2.4. Conclusions

In this chapter bismuth was proposed as a potential strong emitter for 

Si microphotonic applications, such as the realization of integrated light 

sources in a Si platform for displays and lab-on-chip devices. Indeed the 

synthesis of very efficient light emitting materials in the visible range 
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through the combination of ion implantation processes and RF magnetron 

co-sputtering has been demonstrated. 

Two different Bi-doped hosts have been synthesized by magnetron co-

sputtering of Y2O3 with or without SiO2: the yttrium disilicate and the 

yttrium oxide thin films. By the study of the chemical composition, the 

stoichiometry of these structure have been demonstrated and the Bi 

concentration and distribution profiles have been obtained.

Bi-doped yttrium disilicates was thermally treated at 1000°C in 

oxygen and nitrogen atmospheres to improve the quality of the host. In both 

cases the samples were found to be amorphous and in addition the presence 

of Bi metallic clusters has been evidenced by cross-sectional TEM analyses. 

Even if by a structural and morphological point of view the two atmospheres 

seem to influence the host in the same way, Bi distribution profiles have 

evolved differently in these two cases, demonstrating a strong diffusion of Bi 

ions along the film thickness in O2 and no redistribution from the initial 

Gaussian profile in N2. This different behavior has been ascribed to the 

higher mobility of Bi-O complexes formed in O2 environment inside the Si-

O structure. Also the optical properties were completely different, 

demonstrating the presence of a broad blue emission in O2 and a red one in 

N2. These emissions have been then ascribed to the formation of two 

different Bi oxidation state, Bi3+ and Bi2+. Thus we have concluded that in 

addition to the already mentioned metallic nanoparticles there are still some 

Bi ions dissolved into the host that are responsible for both the distribution 

profile and the optical properties.

The scenario of Bi-doped yttrium oxide was demonstrated to be 

completely different. No diffusion of Bi ions and no evidence of Bi 

precipitates have been obtained after annealing treatments. In addition the
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samples have the same polycrystalline bcc structure of the as-deposited Y2O3

without other additional phases formation, thus permitting us to deduce that 

all the Bi ions have replaced Y in a substitutional position, stabilizing in the 

Bi3+ oxidation state. The optical properties have been investigated under UV 

excitation, demonstrating that two different broad and intense Bi3+ emission

bands in the green and the blue ranges can be observed by selectively change 

the excitation wavelength between 310 nm and 390 nm, ascribed to the 

presence of two possible Y3+ lattice sites (C2 and S6) affected by different 

crystalline symmetries. The only evidenced effect of the annealing 

treatments was then an improvement in the optical intensity of these 

emissions by removing the defects left over by the ion implantation process. 

The Bi3+ de-excitation mechanisms in C2 lattice site have been 

analyzed by time resolved photoluminescence measurements at different 

temperatures, in the range between 11K and 300K. These measurements 

have been explained by modelling the Bi emission and excitation bands with 

a three levels scheme in which the radiative Bi emitting level 3P1 interacts 

with a metastable (but energy favored) one, 3P0. This has permitted to 

distinguish the splitting in three sub-levels of the 3P1 energy band and to 

evaluate their differences in terms of energy positions. 

The possibility to employ Bi:Y2O3 as active material for field emitting 

displays technology has been investigated by the study of the optical 

emission under electrons excitation, known as cathodoluminescence. The 

obtained intense and broad emission is the superimposition of Bi3+ emissions 

in C2 and in S6 site, owing to transfer of the absorbed energy from the host 

(directly excited) to the dopant in both sites with equal probability.

Also the CIE chromaticity coordinates of these materials have been 

evaluated either under optical excitation or under electrons excitation, thus 
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demonstrating the possibility to tune the emitted color from blue to green by 

simply changing the host or the excitation source, which makes these Bi-

doped hosts very good candidates for realizing visible integrated light 

sources.
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“Fall in love with some activity, and do it! Nobody ever 

figures out what life is all about, and it doesn't matter. 

Explore the world. Nearly everything is really interesting if 

you go into it deeply enough. Work as hard and as much as 

you want to on the things you like to do the best. Don't think 

about what you want to be, but what you want to do.” 

 

“Innamorati di un’attività e portala a compimento! Nessuno 

sa cosa è la vita, e non importa. Esplora il mondo. Quasi 

niente è veramente interessante se tu non ci vai dentro a 

fondo. Lavora tanto duramente quanto vuoi sulle cose sulle 

quali ti piace dare il meglio.” 

 

Richard Feynman 
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Chapter 3: Bismuth-enhanced erbium emission for 

telecommunications

Since the continuous evolution of the communication technology in the 
last decades, the need for smaller, faster and more performing devices has 
brought to the integration between silicon based electronic and photonic 
components inside the same circuit. Nowadays the main limit is the lack of 
efficient planar light sources and optical amplifiers in the infrared range 
fully developed on silicon platform. In this scenario, erbium has been 
already proposed as an emitting element for long scale telecommunication
systems since its emission at 1.54 m falls in the minimum loss window of 
optical fibers attenuation, thus permitting to transmit the information by 
limiting the losses.

In order to introduce high content of Er ions in smaller dimensions, as 
required by Si microphotonics, the approach of mixed Er-REs compounds 
has been pursued in this thesis. In particular, mixed yttrium-erbium 
compounds synthesized by using an UHV magnetron co-sputtering system 
will be proposed in this chapter as possible materials for Si microphotonics 
amplifiers. By RF co-sputtering of Y2O3 and Er2O3 with or without SiO2, two 
different stoichiometric structures were grown, the mixed Er-Y disilicate and 
the mixed Er-Y oxide. In both of them bismuth has been then introduced by 
ion implantation.

The influence of post deposition treatments, as thermal annealing in 
different atmospheres, has been extensively studied, permitting us to observe 
by TEM characterization the presence of Bi metallic clusters in the inert (N2)
atmosphere and Bi silicate nano-agglomerates in the reactive (O2)
environment. The strong influence of these clusters on the Er optical 
properties was studied. In particular, it was demonstrated the presence of 
additional Er non-radiative decay channels in the first case and the increase 
of the Er optical efficiency through energy transfer mechanism from Bi3+ to 
Er3+ in the second case. An additional blocking action of the deleterious 
interaction between Er and the OH quenching centers due to the Bi silicate 
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nano-agglomerates was evidenced in O2. Hence the annealing in O2 is highly 
beneficial. A different scenario is observed in REs oxides.

In fact, in the Bi-doped mixed Y-Er oxide thin films there was no 
evidence of Bi clusters after the annealing treatment. Instead the 
stabilization of Bi3+ valence state permits a very efficient energy transfer 
from Bi to Er ions, as was completely demonstrated through optical
measurements. Owing to this efficient energy transfer process, a strong 
increase of the Er effective excitation cross section was obtained, thus 
allowing us to find the best Bi:Er ratio and suggesting this material as an 
interesting efficient thin film compound for photonic applications.
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3.1. The use of bismuth as emitter for telecommunication 

windows

Due to the rapid development of telecommunication technology, 

which demands optical amplifiers with a wide and flat gain spectrum, 

different near infrared (NIR) emitting materials have been studied with the 

aim to cover the different telecommunication bands (or windows), where the

data attenuation and dispersion in optical fibers are weaker, and then most 

favourable for data transmission. These windows have been standardized in 

O (original, 1260 - 1360 nm), E (extended, 1360 - 1460 nm), S (short -

wavelength, 1460 – 1530 nm), C (conventional, 1530 - 1565 nm) [1], as 

distinguishable in Fig. 3.1 that reports the attenuation of silica fibers in the 

whole infrared range 

Figure 3.1. Fiber optics attenuation coefficient vs the incident 
radiations overlapped with the typical telecommunication 
windows for data transmission in silica optical. The standard one,
named C (o Er) band, corresponds to the minimum of losses, is 
the. Water absorption peaks are also reported in the same picture
[1].
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The most studied materials that emit in these wavelength ranges are 

doped with erbium, chosen among all the NIR emitting rare earths (REs)

because its main transition from 4I13/2 to 4I15/2 energy levels is accompanied 

by the emission of a photon at 1.54 micron that well matches in the C

window and moreover corresponds exactly to a minimum loss of optical 

fibers. The use of Er implies some important limitations since the application

of silicon microphotonics requires the introduction of high Er contents in

silicon-based materials in order to reach highly efficient micrometric devices 

integrated in a Si microchip. First of all a strong limit is related to the low 

number of Er ions that can be introduced in Si-based materials, due to its low 

solubility that induces Er precipitation in clusters that are optically inactive

and thus unwanted for photonic applications in micrometric devices;

secondarily, the optical efficiency is limited by the occurrence of Er-Er 

deleterious interactions that are concentration dependent, such as 

concentration quenching and up-conversion. Moreover by considering also 

that (i) Er atomic transitions are generally forbidden by dipole selection rules 

and become partially permitted only in presence of a strong crystalline field

and (ii) Er excitation cross sections are typically never higher than 10-21 cm2,

the optical efficiency of Er based systems is strongly limited in micrometric 

devices [2]. For these reasons researchers are looking for new solutions to 

reach higher optical emission efficiency in the NIR range.

An approach is to use proper sensitizers that permit to increase the Er 

excitation cross section. The idea is indeed to introduce an element (the 

sensitizer) which can absorb light more efficiently than Er ions (the 

acceptor) and that can transfer this absorbed energy. Thus an energy 

matching between the emission band of sensitizer and the absorption band of 

acceptor is necessary. The most efficient sensitizers used for Er are Si 
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nanocrystals, as mentioned in Chapter 1, that have been successfully applied 

as active medium in optical amplifiers, LEDs, slot waveguides [3]. Moreover 

several works report on the coupling between Er ions and some other REs,

with the aim to enhance Er visible or infrared emission. Among them, Tm 

has been proposed to increase Er visible emission by up-conversion 

processes, while for Er infrared emission it is well known the high efficiency 

of the Er-Yb coupling, where Yb permits to increase the Er excitation cross 

section via Yb-Er energy transfer, obtaining an enhancement by a factor of 

10 [4,5]. Additionally, the Yb-Er couple has been already widely used in 

active media for fiber amplifiers [6] or lasers [7,8] and recently Yb-Er 

silicate was proposed as an active medium for electrically driven light 

emitting devices [9].

More recently, the use of bismuth as a sensitizer for Er in place of 

other RE elements has been proposed in some glasses owing to the growing 

interest towards its high optical efficiency. In general it was demonstrated 

that Bi acts as a sensitizer for Er when it presents a NIR emission. Indeed, in 

addition to the already discussed Bi3+ and Bi2+ oxidation states responsible of 

visible emission, Bi can be stabilized into several other oxidation states 

characterized by infrared emission bands. Since 2001, when Fujimoto and 

Nakatsuka first reported the existence of a NIR emission from Bi-doped 

silica glass [10], the researchers attention towards Bi has grown 

considerably, due to the enormous potentiality for optical fibres. However 

the nature of the Bi oxidation state responsible of this emission is still 

controversial. For this reason researchers often refer to it with different 

surnames, such as BIA or BIRAC (Bismuth Infrared Active Center). Though 

these emitting states have been stabilized mostly in glasses, as silicate and 

aluminosilicate [11], aluminophosphate [12] and germinate [13], nowadays 
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several works report their stabilization also in crystalline hosts [14, 15]. In

all cases the Bi IR emission has always some features in common, like the 

absorption bands in the visible range, the broad NIR emission extended 

between 1100 nm and 1600 nm, and the lifetimes up to several hundreds of 

microseconds. As an example, Fig 3.2.a) shows the typical three NIR Bi 

absorption bands and their dependence on annealing temperature in Bi-

doped zeolite. The absorption bands are assigned to the 3P0
1S0, 3P0

1D2

and 3P0
3P2 transitions of Bi+ ions while the NIR emission can be assigned 

to the 3P1
3P0 transition [16]. In addition a shift and a broadening of the Bi 

emission peak have been reported by changing the excitation wavelength

due to the different symmetries of the cation sites in which Bi can be 

introduced, as shown in Fig. 3.2.b).

Figure 3.2. NIR Bi a) absorption spectra under different 
annealing temperatures b) emission spectra under different 
excitation wavelengths in zeolite host treated at 1000 °C [16].

In glass hosts, the energy transfer (ET) between NIR-Bi and Er ions has 

been already reported owing to the overlapping between the Bi 3P1 IR band

and the Er 4I11/2 level [17, 18], but it is often accompanied by a process of 

back transfer (BT) from Er to Bi ions, thus limiting the Er optical efficiency 

a) b)
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enhancement to 6-10 times. Only Fujii et al. [19] have succeeded in isolating 

the ET process from Bi ions to Er ions avoiding the BT, thanks to a peculiar 

host structure of zeolites. Zeolites are characterized by pores and cages, as 

shown in Fig 3.3.a), that permit the stabilization of BIRAC and of Er3+ ions 

contemporarily with the formation of bismuth compounds agglomerates 

inside the pores. While the role of the Bi compounds agglomerates has been 

demonstrated to isolate the optically active elements from the non-radiative 

decay channels (as OH quenching centers) [20, 21], the role of BIRAC is to 

absorb the incident light and then to de-excite radiatively by emitting 

photons or non-radiatively by transferring its energy to Er ions. 

Figure 3.3. a) Scheme of zeolite structure and the relative legend 
[16]. b) Photoluminescence spectra from Bi-doped, Er-doped and 
(Er+Bi)-codoped zeolites under 457.9 nm excitation [19]. c) Er 
and Bi energy diagrams with some possible excitation and de-
excitation processes indicated as arrows (continuous line for the 
radiative processes and dashed for the non-radiative ones) [18].

a) b)

c)
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As an example, Fig 3.3.b) reports the photoluminescence (PL) spectra 

of Er-doped and (Er+Bi)-codoped zeolites obtained by fixing the excitation 

wavelength at 457.9 nm, that is out of resonance with any Er transitions but 

in resonance with 3P0
1S0 Bi transition. As it is possible to notice, in 

absence of Bi ions no Er emission can be observed, instead in presence of Bi 

ions two broad signals appear, the first one at about 1150 nm related to Bi 

emission and the second one at 1535 nm related to the Er transition from 
4I13/2 to 4I15/2. In particular, by fixing the Bi concentration and by increasing 

the Er one, a contemporary decrease of PL intensity from Bi and increase of 

Er PL emission at 1540 nm are observed. This behaviour is then related to an 

efficient ET between Bi and Er due to the overlap between Bi energy bands 

with Er energy levels, as shown in in Fig. 3.3.c) [18].

In spite of the recent positive results on the NIR Bi and Er coupling, 

the reported hosts for the stabilization of BIRAC require synthesis 

techniques not compatible with the standard Si processes. Thus up to now 

these emitting centers are not used for applications in silicon 

microphotonics. Instead, some papers report the coupling between Bi3+

oxidation state and visible emitting REs, as Eu [22], Sm [24], Tb [23] for 

LEDs and for solar spectra converter [24], but very few works report these 

couplings in thin films for Si-based devices. Bi3+ ions have been 

demonstrated also to act as sensitizers for NIR emitting REs such as Yb [25]

and Tm [26] for different applications as bio-imaging (since NIR light is 

silent to tissues) and c-Si solar cells. Even if there is not a direct resonance 

between Bi3+ emission bands and NIR emitting REs energy bands, since Bi3+

emission energy exactly corresponds to two times the excitation energy of 

Yb3+ ions, in Bi-Yb co-doped systems it has been demonstrated the efficient 

conversion of one UV photon into two NIR photons (quantum cutting), very 
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useful as up-converter material to increase the quantum efficiency of silicon 

solar cells. Through the optimization of their concentrations, quantum 

efficiency values up to 180% have been reported [27]. As examples in Fig. 

3.4 Bi3+ PL spectra in presence and in absence of Yb3+ ions are shown for 

Bi:Y2O3 and (Bi+Yb):Y2O3. The typical Bi3+ luminescence band peaked at 

494 nm decreases by increasing the Yb content and simultaneously the 

typical Yb3+ 2F5/2
2F7/2 emission appears in the NIR range [25] as shown in 

the inset of Fig. 3.4.

Figure 3.4. PL measurements of Bi:Y2O3 and (Yb+Bi):Y2O3
under excitation wavelength of 346 nm as evidence of quantum 
cutting process. In the inset, the Bi and Yb PL trends versus Yb 
concentration are also shown as evidence of energy transfer from 
Bi to Yb [25].

This recent growing interest towards Bi optical properties suggests 

this element as a great candidate to substitute or to be coupled with REs to 

obtain very efficient emitters in the visible and infrared range for Si photonic 

applications. However since there are no works related to its coupling with 

Er ions in Si-compatible hosts, we have proposed the optimization of the 

Bi3+-Er3+ coupling in two different original Si-compatible hosts as suitable 
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materials for Si-based planar optical amplifiers. The structural and optical 

properties related to this coupling will be illustrated in the next sections. 

3.2. Bismuth in erbium - yttrium disilicate thin films

Since the Er solid solubility and its low excitation cross sections

represent a very big issue for realising efficient Si-compatible planar 

photonics devices working in the telecommunication windows, new 

solutions to overcome these limits are needed. For this reason, the yttrium 

disilicate host will be proposed as a Si compatible host to dissolve high 

contents of both Er and Bi ions and their coupling will be discussed.

3.2.1.The approach of Er-based compounds to increase 

optical efficiency: the mixed Er-Y disilicate 

The first approach suggested to overcome the Er solid solubility limit 

has been the use of Er compounds instead of the Er-doped hosts, among 

which Er silicates have been already proposed. Indeed, as discussed in 

Chapter 2 for Y disilicates thin films, in Er disilicates, realized by a mixture 

of SiO2 with Er2O3 [28], it is possible to dissolve about 1022 optically active 

Er/cm3 without clustering in a totally stable Si compatible material. Even if 

the main advantage is that Er is not any more a dopant element but a bulk 

constituent, the drawback of these compounds is the high probability of 

interactions between Er ions through the concentration quenching processes

[29].

In order to introduce high Er contents without clustering and 

simultaneously to control the Er-Er interactions, new compounds have been 
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developed by mixing Er silicate with another RE silicate with similar 

structural parameters. In particular Y silicate can be chosen since both Er 

and Y silicates stabilize in the same crystalline phase with similar lattice 

parameters at about the same temperature, as shown in Fig. 2.7 of section

2.2.1. Thus it is possible to dissolve very high amount of Er3+ ions inside the

Y silicate structure by replacing Er in Y substitutional position, as already 

demonstrated for Bi ions in section 2.2.2. In addition, we remind that Y 

disilicate satisfies several features necessary for realizing planar optical 

devices: (i) the synthesis procedures are compatible with the standard Si

technologies; (ii) it is chemically stable by guarantying no interfacial 

reactions with silicon or silica substrate; (iii) the energy gap is about 4.78 eV 

[30] thus it is totally transparent in the visible and infrared range; (iv) it is 

characterized by high phonon energies (between 800 and 1200 cm-1) [31],

associated to the Si-O vibration. The latter aspect is very important because 

it influences the Er3+ emission spectroscopy by inducing a multi-phonons

assisted de-excitation process from the upper Er excited level to the lower 

one, thus by favouring the radiative emission from the first excited level at 

1.54 micron.

Several works report the optical properties of mixed Er-Y

monosilicate [32] and disilicate [33]. Also in these Si-compatible materials 

the co-doping of another RE as sensitizer for Er has been already proposed 

in order to increase its excitation cross section. An example is the 

introduction of Yb3+ as sensitizer in mixed Er-Y silicate, since Yb has a

higher excitation cross section (around 10-20 cm2) with respect to Er and there 

is resonant matching between the Yb 2F7/2 
2F5/2 transition and the Er 

transition from the 4I15/2 ground state to the 4I11/2 energy level [5]. Moreover 

Yb has an ionic radius compatible with the Y one and its compounds present 
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similar structural properties, so it can be easily incorporated and well 

dissolved in the mixed Er-Y disilicates.

However Bi excitation cross section is known to be much higher than 

the ones of other REs, by reaching a value up to 10-17 cm2 for Bi3+ in BiGeO 

host [34]. In addition, its excitation and emission bands are always wider 

than the REs ones, thanks to its particular electronic configuration, in an

energy range compatible with many Er energy levels. Thus Bi can be an

interesting candidate to be coupled with Er ions. Unfortunately a very few 

results about the ET process between Bi3+ and Er3+ ions exist in literature in 

Y silicate systems. For these reasons our attention will be more focused on 

the study of the structural and optical properties of Er and Bi co-doped 

yttrium disilicates in order to find the best conditions to achieve an efficient 

NIR emission for telecommunication. 

3.2.2.Solubility of Bi ions under high temperature annealing

and its influence on Bi-Er coupling

(Y-Er) disilicate thin films with different Er contents have been grown 

by ultra-high vacuum magnetron co-sputtering. The depositions were

performed in Ar atmosphere (5×10-3 mbar) by radiofrequency co-sputtering 

from three targets (Y2O3, Er2O3, SiO2) on c-Si(100) substrate heated at 

400°C. By varying the power applied to the Er2O3 target, between 25 and 

80W, and by keeping constant the ones applied to the SiO2 and Y2O3 targets,

respectively 300W and 200W, we have obtained (Y2-x-Erx)Si2O7 thin films,

having at the same time the same disilicate stoichiometry (RE2Si2O7) but

different Er contents. The films thickness is kept constant, 130 nm, as 

confirmed by cross sectional scanning electron microscopy and ellipsometric
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measurements. Bismuth was then introduced by ion implantation with the 

same parameters described for Bi in Y2Si2O7 in chapter 2. Two different 

nominal Bi doses have been used, 2×1015 and 5×1015 Bi/cm2.

The film chemical composition and the Er content have been 

evaluated in the as-deposited samples by Rutherford Backscattering 

spectrometry (RBS) by using a 2 MeV He+ beam at an angle of 165° with 

respect to the incident beam, as in Ref [33]. As an example, in Fig. 3.5 it is 

shown the RBS spectrum of (Y-Er) disilicate with the lowest Er content 

related to the Er2O3 target power of 25 W. As it is possible to notice, four 

different signals appear: the surface energy edges of Er, Y, Si and O atoms 

are indicated in the figure, respectively at 1.820 MeV, 1.675 MeV, 1.138

MeV and 0.731 MeV (in order of decreasing energy). 

The RBS signals are all constant, thus indicating their uniform 

distribution along the film thickness. We have found that the composition of 

the film is (Er+Y):Si:O=2:2:7, that corresponds to the disilicate 

stoichiometry. We have also estimated the Er concentration to vary between 

0.3 Er% and 6.3 Er% for all the used target powers, by keeping constant the 

sum of Er and Y contents and therefore the film stoichiometry.
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Figure 3.5. RBS spectra of Er:Y2Si2O7 and (Er+Bi):Y2Si2O7. The 
energy edges of surface of Bi, Er, Y, Si and O atoms are indicated 
in the figure.

Figure 3.5 shows also the RBS spectrum of the same (Y-Er) disilicate 

thin film after the Bi introduction. In addition to the signals already observed 

for the as deposited sample, a further signal related to Bi ions appears, even 

if partially overlapped with the Er one, since the energy thresholds are 1.855 

MeV and 1.820 MeV, respectively, for Bi and Er. Even if Er is uniformly 

distributed into the film, it is evident that the Bi distribution has a gaussian 

shape, according to the ion implantation profile, with the peak position 

estimated to be at 60 nm from the surface and a FWHM of 56 nm, therefore 

entirely included inside the film thickness. Integral doses of 2.2×1015 Bi/cm2

and 5.3×1015 Bi/cm2 have been measured for the ion implantation, then 

confirming the nominal values.

The as-deposited and as-implanted samples were then subjected to a 

rapid thermal annealing (RTA) at 1000°C for 30 seconds in an oxidizing 
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atmosphere (O2) and in an inert one (N2), in order to remove eventual defects 

introduced by the ion implantation process and to guarantee a best disilicate 

quality. Moreover both atmospheres preserve the disilicate nature, i.e. no 

out-diffusion of Y, O and Er or intermixing with the silicon substrate as

confirmed also by RBS measurements. This annealing temperature, as 

already stated in section 2.2.1 for Y2Si2O7, is not sufficient to permit the 

crystallization of any polymorphs [35-37].

Instead about the Bi distribution profile the RBS measurements 

confirm, as already observed for Y2Si2O7 doped with 2×1015 Bi/cm2 in

section 2.2.2, the different effects of the two annealing atmospheres: an 

unchanged Bi Gaussian profile for inert ambient and a Bi diffusion along all 

the thickness for oxidizing treatment. This behaviour was confirmed for all 

the Er concentrations in the mixed (Y2-x-Erx)Si2O7 and for both the used Bi 

doses. The Bi concentration values of 0.2 Bi% and 0.5% for the lower and 

higher implanted doses have been estimated for oxygen treated samples,

where the Bi distribution profile is uniformly spread along all the film 

thickness.

Since in the Bi-doped Y2Si2O7 we have already observed a strong 

dependence of the optical properties on the Bi oxidation states stabilization 

which in turn depend on the annealing ambient, we will compare the two 

treatments to optimize the Bi-Er coupling and the subsequent infrared 

emission at 1.54 micron for photonic applications. For this reason, we have 

first compared the optical properties of Er:Y disilicate with and without Bi.

PL measurements have been performed under two different excitation 

wavelengths: the 488 nm line of an Argon laser that is resonant with the 4F7/2 

level of Er3+ and the 325 nm line of an He-Cd laser which can involve both

Bi3+ and Bi2+ oxidation states transitions, as demonstrated in chapter 2.
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While under resonant excitation the typical Er emission at 1535 nm is 

detected for all the Er contents from mixed Er-Y disilicate [33], in absence 

of Bi under the UV excitation no PL emission associable to any Er energy 

levels has been seen. Also Y is optically inactive for both the excitation 

conditions.

When both Bi and Er coexist in the same host, totally different PL 

spectra are obtained under the same UV excitation condition for the two 

annealing atmospheres. In particular, for the samples treated in nitrogen, for 

all the Er contents, the same PL emission around 600 nm from Bi2+ ions is 

found, as shown in Fig. 3.6 for (Bi+Er):Y disilicate having 4.2 Er% and 0.2 

Bi%. This PL emission is the same observed in Bi:Y2Si2O7 having the same 

Bi concentration reported in section 2.2.2. No PL emission is recorded in the 

visible and in the infrared region associable to Er de-excitations or to Bi IR 

emitting centers. Therefore after annealing treatment in nitrogen the optical 

emission is associable only to Bi2+ dissolved ions and no ET mechanisms 

between Bi and Er are observed independently of the Er content.

After thermal annealing in O2 we have not recorded any PL signal 

from Bi3+ ions dissolved in the host, as instead observed from Bi-doped 

yttrium silicate (see section 2.2.2). Instead in the visible range only a very

weak emission (just a bit higher than the experimental noise) centred at 600

nm appears, as shown in Fig. 3.6. Since in the reference Bi:Y2Si2O7 sample, 

not containing Er, this emission could be hidden by the very intense Bi3+

emission band, we cannot exclude it also in absence of Er. But together with 

the disappearance of Bi3+ luminescence in presence of Er, we observe the 

simultaneous appearance of a PL peak in the infrared region, as shown in

Fig. 3.6. The IR peak has the typical shape associable with the Er
4I13/2

4I15/2 de-excitation in disilicate [33]. Since the 325 nm excitation 
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wavelength is out of resonance from any Er transitions, we assure the 

existence of an ET mechanism from Bi3+ ions to Er3+. We can conclude that 

Bi3+ ions de-excite non-radiatively from the 3P1 to the 1S0 by transferring 

their energy to the 4F7/2 level of Er3+, as shown in the inset of Fig. 3.6. After 

subsequent non-radiative transitions, due to the high phonon energy of the 

host (about 1100 cm-1 [31]), Er ions de-excite radiatively by emitting a 

photon at 1.54 m. This behaviour was also observed in Er3+/Bi3+ codoped

SiO2 [38].

Figure 3.6. Photoluminescence spectra of (Er+Bi) co-doped 
yttrium disilicate after annealing treatment in nitrogen and in 
oxygen. Bi content is 0.2%. The measurements were acquired at 
RT under 325 nm excitation [40]. In the inset the energy diagram 
of Bi3+ and Er3+ ions and the possible excitation and de-excitation 
transitions are shown.

In conclusion, the PL measurements suggest the presence of ET 

mechanisms from Bi to Er ions only after O2 annealing, that means only 

when the Bi3+ oxidation state can be preserved.
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Moreover it was found that the PL intensities recorded at 1.54 m

under resonant excitation, PLEr, from the un-implanted samples (0 Bi%)

were always lower than the ones obtained from the (Bi+Er):Y2Si2O7 samples 

under non-resonant excitation (325 nm), PLEr+Bi, at the same photon flux.

Therefore the mediated excitation through Bi3+ appears more efficient than 

the direct Er absorption of 488 nm photons. We have estimated for all the Er 

contents the enhancement factor of Er excitation efficiency, Enh, due to the 

mediated energy transfer through the following relation:

 =  (3.1)

where  and are, respectively, the Er lifetime at 1.54 m in 

absence and in presence of Bi. The values in absence of Bi have been 

observed to decrease by increasing the Er content, varying between 4.2 ms 

for the lowest Er content and 1 ms for the highest one. This reduction is due 

to the occurrence of concentration quenching mechanisms, described in 2.1.2 

[39], that affect the Er lifetime as a result of the energy migration between

nearby Er ions, as already observed in mixed Er-Y silicates [32]. Instead the 

values appear shorter than the correspondent for all the Er 

contents. Moreover they are independent of the used excitation wavelength.

This reduction has been observed also for the nitrogen annealed 

(Er+Bi):Y2Si2O7 samples, where no ET has been observed since only the 

Bi2+ valence state is stabilized. Therefore this lifetime reduction in both 

atmospheres can be attributed to the metallic Bi nanoparticle present inside 

the film thickness in both the cases, as already supposed in chapter 2.
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The calculated Enh values vary from 3.7 for the samples with lower Er 

contents (0.3 Er% and 1.8 Er%) to 5 for the highest Er contents (4.2 Er% and 

6.3 Er%). We can suppose that this small increase can be correlated to the

decrease of the mean distance between the Bi3+ and Er3+ ions in the host,

thus increasing their coupling. By taking into account that the calculated Enh

value is proportional to the ratio of the Er effective excitation cross section

(mediated by Bi) and the Er direct one (due to absorption at 488 nm), it was 

found that the mediated excitation cross section is increased up to 5 times

with respect to the direct one despite the unwanted metallic Bi clustering

formation.

3.2.3.Chemical evolution of Bi precipitates under oxidizing 
or inert thermal treatments

In order to further optimize the ET process, we have increased the Bi 

doses introduced in the (Y2-xErx)Si2O7 samples. We have observed no 

differences in the optical properties of the samples treated in nitrogen with 

respect the lower Bi dose, i.e. no ET processes is present and Er decay time 

reduction is evident. However for the highest Bi dose used after an annealing 

treatment in O2 atmosphere a very different scenario is observed: under out 

of resonance excitation at 325 nm, no PL signal from Er ions at 1.54 m has 

been recorded, suggesting the absence of ET mechanisms under this 

excitation wavelength, neither emission from any Bi oxidation states in the 

visible range is detected. Thus we have acquired photoluminescence 

excitation (PLE) measurements by fixing this detection wavelength. The 

PLE spectrum is shown in Fig. 3.7 with the relative figure of merit in false 

colors as inset. 
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Figure 3.7. PLE of Er emission at 1535 nm in the 
(Er+Bi):Y2Si2O7 having 4.2 Er% and 0.5 Bi%. The Er resonant 
excitations are peaked at 370 nm, 410 nm, 445 nm, 488 nm and 
520 nm while the mediated contribute from Bi3+ is peaked at 255 
nm. In the inset, a false colour figure of Er luminescence vs 
excitation wavelength is shown. Mediated excitation is 250 times
higher with respect to the direct one at 488 nm.

It is evident that besides the different peaks relative to direct Er 

excitation, correspondent to the transitions between the ground state and the 

excited 2H11/2, 4F7/2, 4F5/2-4F3/2, 2H9/2 and 4G11/2-4G9/2 levels (in order of 

increasing energies), a further peak at 255 nm is present. It is worthy to 

notice that the intensity of this contribute is 25 times and 250 times higher 

than the Er direct one respectively under 380 nm and 488 nm. Since it is well 

known that Bi3+ excitation and emission band can shift by depending on the 
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chemical environment, and that in Bi silicate compounds [41,42] the 
1S0

3P1 excitation transition is expected to be shifted at about 250 - 280 nm, 

we can suppose that the observed excitation band is ascribed to the 1S0
3P1

excitation of Bi3+ in Bi silicate compounds stabilized inside the Y disilicate 

and the successive energy transfer to Er ions, probably through the match 

between the Bi excitation band and the Er 2P3/2 level or through Bi emission 

band, spread between 400 nm and 500 nm [42], and the relative Er 4G11/2-
4G9/2, 2H9/2 ,

4F5/2-4F3/2,
4F7/2 energy levels.

In order to verify the eventual presence of these aggregates in the O2

treated sample containing 0.5 Bi%, a more detailed structural 

characterization has been performed. Cross sectional transmission electron 

microscopy analysis (TEM) with a JEOL Jem 2010 and 2010 F under 200 

keV parallel electron beam have been done. In particular, Fig. 3.8.a) and Fig. 

3.8.b) report the cross sectional TEM images in bright field of, respectively,

the O2 and N2 treated sample, containing 4.2 Er% and the highest Bi dose, 

5.3×1015 Bi/cm2. It was possible to observe the good quality of the annealed 

films also after this high temperature annealing. Also in mixed (Y-Er) 

disilicate, the O2 treated sample has an underlying thin SiO2 layer, about 3-4

nm thick, as observed for Y disilicate in the section 2.2.2.

However also for this Bi content in both the two cross-section views,

in the middle of the film thickness it was possible to observe the presence of 

precipitates, about 6 nm in diameter. These nanoparticles are almost two

times bigger than the ones observed for the lowest Bi dose in section 2.2.2,

but their distribution appears different in the two ambients. After the 

annealing treatment in O2 the particles distribution appears less dense than

the one obtained for annealing treatment in N2, as it can be seen from the 

comparison of the two images in Fig. 3.8. In addition, after annealing 
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treatment in O2 the nanoparticles distribution is not uniform in all the sample 

regions analysed, where regions without nanoparticles have been found.

Figure 3.8. a) Cross view TEM images in bright field of (Bi+ 
Er):Y2Si2O7 thin film on c-Si, having 4.2 Er% and 0.5 Bi%, after 
annealing treatment a) in N2 and b) in O2 ambient. EFTEM image 
of the nitrogen annealed sample, obtained by selecting the Er N 
shell (168 eV), is shown in the inset of Fig.3.5.a).

An eventual Er precipitation can be excluded by energy filtered TEM 

(EFTEM) image recorded by selecting the electrons that have lost energy 

corresponding to the Er-N shell (168 eV), that shows a uniform Er 

distribution along all the thickness of the mixed (Y-Er) disilicate host after 

both treatments. The EFTEM image taken after nitrogen annealing is shown 

in the inset of Fig 3.8.a). Instead, also for this higher Bi dose it was not 

possible to acquire the EFTEM signal coming from electrons with energies 

correspondent to the O4,5-Bi edge (30 eV), owing to the low Bi content, as in 

section 2.2.2.

In order to further understand the nature of the observed precipitates, 

energy dispersive X-ray analysis (EDX) was performed with a JEOL ARM 

A

B

A

B

a) b)
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sub-Angstrom microscope, equipped with a sub-nanometric electron probe

in scanning TEM (STEM) mode for both the treatments. We have observed 

different signals from matrix and from nanoparticles for both the ambients.

As example in Fig. 3.9 we compare the spectra obtained by focusing the sub-

nanometric probe exactly on a nanoparticle, point A in Fig. 3.8.a) and on a

point of the matrix far away from the region containing the nanoparticles,

point B in Fig. 3.8.a), in the nitrogen treated sample. An identical situation 

has been recorded for the oxidizing atmosphere.
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Figure 3.9. EDX spectra acquired for the N2 treated (Bi+ 
Er):Y2Si2O7 samples, having 4.2 Er% and 0.5 Bi%, with a sub-
nanometric electron probe on the matrix and on a particle 
embedded in the matrix. The elements shells correspondent to the 
observed peaks are listed in the picture.

While on the matrix all the signals relative to the elements contained 

in the host (O, Si, Y and Er) are present, when the probe is focalized on a 

precipitate all the peaks relative to the shells of Bi ions are detectable and 
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appear overlapped to the EDX spectrum of the host, whose contribute cannot 

be excluded since it shields the nanoparticle. 

Therefore it is possible to conclude that for both the annealing 

treatments the precipitates are mainly composed by Bi. However, since it is 

impossible to separate the contribution of the embedding host, the EDX 

spectra from the precipitates cannot give the exact chemical composition of 

nanoparticles, such as for example Bi metallic, oxidized or silicates. For this 

reason, electron energy loss spectroscopy (EELS) spectra have been 

acquired in STEM mode with a 60 keV sub-nanometric electron beam in the 

same two points of the EDX analysis and for both the annealing treatments.

The low loss region from 0 to 70 eV is characterized by the energy losses

after excitation of a collective oscillation of conduction electrons, called 

plasmon resonances. The plasmon energy and peak shape are not simply

characteristic of a specific element but also sensitive of its chemical 

bonding. Figure 3.10 compares the spectra obtained on the nanoparticles 

(point A) and on the matrix (point B) in N2 annealed samples. 

The complex spectrum acquired on the disilicate matrix can be 

explained as the overlap of the experimental EELS spectra of its two 

constituent oxides, SiO2 and Y2O3, as shown in the same figure. More in 

details, the peaks at 15 eV and 30 eV correspond to the single and double 

plasmons of Y [43] and the one at 36.4 eV to the Y intra-atomic transition 

involving the N2,3 shell [43], instead, the broad peak at 22.5 eV corresponds 

to the SiO2 plasmon loss [44]. Vertical dashed lines are also reported in Fig. 

3.10 in correspondence of the Y-N2,3 shell and SiO2 plasmon loss peaks. 

Since the electronic structure of a silicate can be reproduced by the 

superposition of the electronic structures of its constituting oxides, as 

demonstrated for transition metal and RE silicates [44-46], we can conclude 
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that the observed spectrum corresponds exactly to the one of an yttrium 

silicate compound. In addition, any contribution from Er2O3 is not visible, 

most probably due to the low Er content inside the host (4.2%) with respect 

to Y (14%), Si (18.2%) and O (63.6%). 
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Figure 3.10. Low loss EELS spectra acquired from N2 treated 
(Bi+Er):Y2Si2O7 samples, having 4.2 Er% and 0.5 Bi%,acquired 
with a sub-nanometric electron probe on the matrix and on a 
nanoparticle embedded in the same host. The experimental EELS 
from Bi, SiO2 and Y2O3 are also shown. The zero loss signals 
have been aligned and multiple scattering background signals 
have been subtracted by using the Fourier-Log method [47].

When the sub-nanometric probe is instead focused on a particle, the 

EELS spectrum, shown in the same Fig. 3.10, is quite similar to that one 

from the matrix. Since the particle is embedded in the yttrium silicate host,

the most predominant EELS signal remains still the yttrium silicate one, but 

in addition a shoulder at lower energy, about at 14.4 eV, is clearly evident.

The nature of this shoulder can be associated to the Bi plasmon peak [48], as 
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verified by acquiring the experimental EELS spectrum from a metallic Bi

lamella, also plotted in Fig. 3.10. The relative peak has been marked in Fig. 

3.10 by a vertical dashed line. Since by the EELS spectrum the contribution

from the particle is distinguishable from the host, we can conclude that the 

particles are composed by metallic Bi in the sample annealed in N2 ambient. 
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Figure 3.11. Low loss EELS spectrum acquired from O2 treated 
(Bi+Er):Y2Si2O7 samples, having 4.2 Er% and 0.5 Bi%, with a 
sub-nanometric electron probe on a nanoparticle embedded in the 
same host. The low loss spectrum acquired on the matrix has 
been found to be identical.

A totally different behaviour has been observed for the sample treated 

in oxygen atmosphere, shown in Fig. 3.11. In this case the EELS spectrum 

recorded on the particle is always identical to the one recorded on the matrix. 

Thus we can deduce that no Bi metallic nanoparticles are formed after 

oxidizing annealing treatments, differently from the N2 case. But since these 

nanoparticles contain Bi ions, as evidenced by EDX measurements, we can
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conclude that they are composed by other Bi compounds, such as bismuth 

oxide or bismuth silicate, both stable under this temperature annealing.

However the direct evidence of these chemical compositions was not 

possible since by EELS the relative signals cannot be distinguishable 

because they fall in the same energy range, from 15 eV to 40 eV, where the 

intense signals from the host are predominant. The good agreement between 

the observed absorption data with the absorption peak of Bi3+ in Bi silicate 

compounds (see Fig. 3.7) allows us to assert that these agglomerates are

formed by Bi silicate compounds. These results are well supported by the 

Bi2O3-SiO2 phase diagram [49] that shows the formation of a Bi-Si-O stable 

phase for Bi2O3/SiO2 ratio higher than 2:3, thus confirming the reason why 

these agglomerates are formed only for higher Bi dose and in an oxidizing 

atmosphere.

Even if the formation of Bi metallic nanoparticles after annealing in a

reducing atmosphere has been already discussed in literature [50], the 

chemical nature of the Bi precipitates in air or in oxidizing atmospheres has

never been discerned, since the enormous difficulty to experimentally 

distinguish the precipitates contribution from the silica-based host. By the 

correlation of PLE measurements and sub-nanometric STEM-EDX and 

STEM-EELS analyses we have instead succeeded to distinguish between the 

formation of metallic nanoparticles and Bi silicate agglomerates for higher 

Bi concentration after the two annealing ambients.

In conclusion, we have demonstrated that even if Er ions introduced in

yttrium disilicate host by magnetron co-sputtering are well dissolved inside 

the host, Bi ions do not exploit the same solubility, with the clustering of

metallic or silicate Bi precipitates, respectively, after N2 and or O2

treatments.
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3.2.4. Blockage action of Bi agglomerates in O2 atmosphere

In addition to the highly efficient mediated excitation through Bi ions

from the Bi silicate agglomerates, Fuji et al. attributed a peculiar blockage 

[16,21] behaviour to similar precipitates, i.e. the increase of Er optical 

efficiency through the good isolation of Er ions from non-radiative decay 

channels, due in particular to OH centers. In order to verify if our Bi silicate 

precipitates have the same behavior in the (Er+Bi):Y2Si2O7 host, we have 

studied PL properties under Er resonant excitation. What is surprising is that 

even when the (Bi+Er): disiluicate samples having 0.5 Bi% and treated in O2

are excited under the Er resonant wavelength of 488 nm, the Er PL intensity 

at 1.54 m, PLEr+Bi, is increased for all the Er contents by a factor of 1.3 with 

respect to the one observed in the un-implanted samples, PLEr. In order to 

better understand this peculiar behaviour, we have measured the Er decay 

times at 1.54 m in presence of Bi, , and compared them with the 

values, , obtained in absence of Bi, as reported for two Er contents in Fig. 

3.12 as examples.

It is evident that, for all the Er contents, the PL decay curves are 

strongly influenced by the presence of Bi. In particular for Bi doped samples 

the curves appear composed by two contributions: the first one coincident to 

the un-implanted case, , and the second one slower. They can be then 

fitted with a double exponential function

( ) =  (1 ) +  (3.2)

where (1-A) and A represent, respectively, the fraction of Er ions that de-

excite with the shortest lifetime and the longest lifetime .
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Figure 3.12. Time resolved measurements of Er at det= 1535 nm 
from (Er+Bi):Y2Si2O7 samplesfor two different Er contents, 1.8 
Er% and 4.2 Er% in presence and in absence of Bi, after 
annealing treatment in oxygen. The measurements were acquired 
at RT under 488 nm excitation. Exponential fits are also plotted; 
in particular, single exponential fit has been used for the Er-
doped samples and double exponential fit for the (Er+Bi) co-
doped ones, by following Eq.3.2 [40].

The estimated fraction A and the decay rates, 1/ and 1/ , have been 

reported as a function of Er content, NEr, in Fig. 3.13.
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Figure 3.13. a) On the left hand scale, fraction of Er population, 
A, as a function of Er content of the samples implanted with the 
higher Bi dose and annealed in O2. On the right scale, the 
correspondent absolute percentage of Er ions that decays with 
slower lifetime, 2. b) Reciprocal of the two lifetime components, 
1/ 1 and 1/ 2. Linear fits, by using Eq. (3.3), of the decay rate 
data are also reported [40].

It can be noticed that for the lowest Er content, 0.3 Er%, that is 

comparable with the Bi content, 0.5 Bi%, the fraction of Er ions, A, that de-

excites with the longest lifetime is about 80% of the total population. This 

value decreases by increasing Er content and it reaches 25% for 6.3 Er%.
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However, if we consider the effective number of Er ions that have the 

longest lifetime, A×NEr, reported in the right hand scale of Fig. 3.13.a), it has 

a monotonic increase for all the considered range. The reached maximum 

A×NEr value is about 1.7 Er% for the total content of 6.3 Er% and 0.5 Bi%.

The other interesting point is that, for all the Er contents, the fitted 

faster component is always equal to the intrinsic Er decay time, , as 

measured from the unimplanted sample having the same Er content. 

Moreover, both the 1/ and 1/ values follow a linear trend, as shown in 

Fig. 3.13.b). This behaviour, typically observed in Er-doped systems, as 

already mentioned in the previous section, is associable with the occurrence 

of concentration quenching mechanisms [39]. The decay rate can be 

expressed as a function of NEr, by the relation

 + 8 (3.3)

where CEr-Er is the interaction coefficient between Er ions and the

quenching centers, Nq, in the host, typically OH centers [39], 1/ 0 is the 

intrinsic Er decay rate in absence of concentration quenching, that in absence 

of non-radiative channels is the radiative decay rate. The 1/ 1 values, that are 

equal to the intrinsic Er decay rate, can be well fitted with Eq. (3.3) for all 

the range of Er contents; the same can be done also for the 1/ 2 data set in the 

restricted range between 0.3 Er% and 4.2 Er%. By the linear fit of 1/ 1 and 

1/ 2 data in Fig. 3.13.b), values of (130±5)×10-3 cm3/s and (30±5)×10-3

cm3 CEr-ErNq, while the same 0

value, equal to 5.5±0.6 ms, has been achieved. This common 0 value 

suggests that the two populations have the same intrinsic Er decay time,

though if it is smaller than the one obtained for Er in crystalline Y-Er 
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disilicate treated at 1200 °C [33] and in Er:Y2SiO5 nanoaggregates [32,51].

This can be attributed to the amorphous nature of the films studied in here,

owing to the used lower annealing temperature (1000 °C). Moreover while 

the fraction of Er ions, (1-A), that de-excites with the decay rate 1/ 1, is 

influenced only by the usual concentration quenching phenomena produced 

by Er-Er and Er-defects interactions, the remaining number of Er ions -

namely A×NEr - feel a reduced influence of the non-radiative channels as 

Er-ErNq value. By considering the PL contribution 

of the two different populations and the relative lifetimes, a PL enhancement 

of about 1.3 can be estimated with respect to the unimplanted samples for all 

the Er contents, by confirming the obtained experimental value.

We can suppose that this behavior is associated to the formation of the 

Bi agglomerates observed in TEM images that better isolate the Er ions from 

the OH centers, thus limiting the influence of the quenching centers on the 

Er optical efficiency, as already found by Fujii et al. in nanocrystalline 

zeolites [16,21]. Thus the blocking action consists to efficient isolate an 

increasing number of Er ions, A×NEr, by causing an effective increase of the 

total decay time with a consequent increased contribution to PL intensities at 

1.54 m.

Moreover, since we have evaluated that these agglomerates are also 

responsible for mediated excitation to Er ions, when 255 nm excitation 

wavelength is used (see Fig. 3.7), we can suppose that the same fraction A of 

Er ions is involved also in the ET processes. Thus the Enh can be estimated 

by Eq. (3.1) by reaching at the best a factor of 500. 

These results suggest that by further increasing the Bi content, an 

optimization of the Bi agglomerates blocking effect and contemporary ET 

mechanism are possible, thus maximizing the number of Er ions isolated by 
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OH centers and taking advantage of Bi3+ higher excitation cross section to 

enhance the Er optical efficiency of the system at 1.54 m.

3.3. Bismuth as a sensitizer for Er optical emission in yttrium 

oxide thin films 

In this section another silicon-compatible host, Y2O3 thin film, will be 

explored as a suitable material for the dissolution of high Er and Bi amounts

for planar optical amplifiers. The peculiarity of this host is due to the similar 

body centered cubic (bcc) crystalline structure of Er2O3 and Y2O3, with the 

same space group Ia-3 and similar lattice parameters, due to the fact that Er 

and Y have similar electronic configurations and ionic radii (0.89 Å for Y3+ 

and 0.88 Å for Er3+). Thus Er can replace Y in substitutional position in the 

Y2O3 host, permitting to vary Er concentration in the host from the dopant 

level (~1018 at/cm3) to the constituent one (~1022 at/cm3). The dissolution of 

very high contents of Er ions not only permits to avoid the formation of 

optically inactive clusters but also to control the detrimental Er-Er 

interactions, such as cooperative upconversion and cross relaxation. that 

modify the optical properties of the system [52,53]. This is in good 

agreement with the possibility to well dissolve also high amounts of Bi ions 

in Y2O3 as demonstrated in chapter 2. 

As a result of the bcc crystal structure of Y2O3, when Er ions replace 

Y in its substitutional position, all Er ions are in the Er3+ chemical state in 

Y3+ substitutional positions but occupying different coordination shells 

depending on the total Er content, as demonstrated by Extended X-Ray 

Absorption Fine Structure (EXAFS) measurements in Fig. 3.14.a) [54]. In 

particular while the first coordination shell is always occupied by O atoms at 
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a distance of 2.25 – 2.33 Å, the second one (at a distance of 3.5 – 4 Å) can 

be almost fully occupied by Y3+, mixed by Y3+ and Er3+ or totally by Er3+

depending on Er content. Two different regimes are thus evident, as sketched 

in Fig. 3.14.b). In the low Er content regime an Er ion can “see” another Er 

ion in the fourth (or higher) coordination shell, within a mean distance 

higher that 10 Å, so that only Er-O-Y or Y-O-Y bonds are present, thus the 

detrimental Er-Er interactions are avoided. Instead in the higher Er 

concentration regime these interactions become predominant due to the 

formation of Er-O-Er bonds. It has been found that the Er concentration in 

which the second regime starts is 10 Er at.%. 

Figure 3.14. a) Fourier transform of EXAFS spectra fromY2O3

thin films containing different Er contents, compared with Er2O3

and Y2O3 thin films as references. b) Er local coordination in 
Y2O3 for low and high Er content regimes [54].

a) b)
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Moreover Y2O3 host is subject of great interest because it satisfies 

some features necessary for the realization of silicon-based waveguides and 

optical devices. In particular it is transparent from the visible to the infrared 

region, it has a band gap of about 5.8 eV and a refractive index of 1.9: these 

optical properties guarantee an high index contrast for an efficient light 

confinement in optical devices. Moreover yttria thin films are fully 

compatible with the standard Si technologies, as demonstrated by the good 

quality of the film grown on c-Si or silica substrate using different ultra 

large-scale integration (ULSI) compatible synthesis techniques, such as 

magnetron sputtering [55], ion beam sputtering [56], pulsed laser deposition 

[57].

Even if the Er:Y2O3 system has been widely studied, the coupling 

between Er and Bi was never reported. In the next section the optical 

properties of Er: yttrium oxide thin films will be firstly illustrated. Then the

(Er+Bi) containing systems will be shown as a promising candidate for 

optical devices applications.

3.3.1.Er spectroscopy in yttrium oxide

Er:Y2O3 thin films were deposited on 5” c-Si wafers by radio-

frequency magnetron co-sputtering. The power applied to the Y2O3 target 

was fixed at 500 W, while that one to the Er2O3 target was 25 W. We

obtained polycrystalline stoichiometric yttrium oxide films, 120 nm thick, 

with concentration of 1.1 Er at.% (correspondent to 8×1020 Er/cm3), as 

measured by RBS, chosen in order to control and avoid Er-Er interactions.

Further details on the films synthesis can be found in Ref. [53].The samples 

annealed at 800°C for 30 min in oxygen were still polycrystalline, still with 
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the crystalline structure of the undoped Y2O3 and without an evidence of 

another Er2O3 crystalline phases, as demonstrated by XRD spectra. In 

particular for Er:Y2O3 thin films, having Er contents between 1×1020 and 

1×1022 Er/cm3, the XRD spectra shown in Fig. 3.15 appeared very similar, 

with the same diffraction peaks and the same relative intensities, associated 

to the polycrystalline bcc structure of Y2O3 [58]. The only difference by 

increasing the Er content is a slight shift towards higher angles due to a

lattice parameter contraction owing to the different Er and Y ionic radii. This 

result demonstrates the Er dispersion in substitutional Y positions inside the 

Y2O3 lattice, as already demonstrated in chapter 2 for the dissolution of Bi 

inY2O3.

Figure 3.15. a) XRD spectrum of Y2-xErxO3 with x=0.01 (0.2 Er 
at.%) showing the same BCC structure of Y2O3. Muller indices of 
the crystalline planes are also reported. b) shift towards higher 
angles of the XRD peak positions with the correspondent lattice 
parameter contraction by increasing Er [53].

The optical properties of the annealed Er:Y2O3 film have been 

analyzed by PL and lifetime measurements at room temperature. The 488 

nm line of an Argon laser was chosen as pumping source, because it permits 

to excite directly the 4I15/2
4F7/2 Er3+ transition. The PL spectrum obtained 

a) b)
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for 1.1 Er at.% is shown in Fig. 3.16: different emission peaks have been 

observed, in particular centered at 566 nm, 660 nm, 980 nm and 1540 nm, 

associated respectively to the Er3+ transitions from (4S3/2, 2H11/2), 4F9/2, 4I11/2 

and 4I13/2 to the 4I15/2 ground state. In addition, the broad emission peaked at 

1140 nm in Fig. 3.16 is ascribed to the Si band edge emission from the 

interface with the passivated SiO2 layer formed between the Si substrate and 

the Er:Y2O3 thin film after oxidizing annealing as shown in section 2.2.2 for 

Bi:Y2O3.
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Figure 3.16. PL emission spectrum of Er:Y2O3 after annealing 
treatment at 800°C for 30 min in O2 under 488 nm excitation at 
room temperature. The Er main emissions at 566 nm, 660 nm, 
980 nm and 1540 nm are evident. 

As already demonstrated for Bi, also Er atoms can occupy two non-

equivalent lattice sites, the first having point symmetry C2 with four 

equivalent Er-O bonds (distance 2.5 Å) and two slightly distorted Er-O
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bonds (distance 2.33 Å); the second point symmetry is S6 (also known as C3i)

characterized by six equivalent Er-O bonds (distance 2.26 Å) [59].

Differently from the permitted Bi3+ 3P1
1S0 transition, for Er ions in S6 site 

the electric-dipole transitions are not allowed since S6 is an inversion center. 

For this reason optical emission from Er in Y2O3 comes from Er ions in the 

C2 site.

The presence of all these Er emitting levels, differently from the 

unique 1.54 m emission observed from Er:Y2Si2O7 in section 3.2.2, is 

mainly ascribed to the lower phonon energy of the host, between 400 and 

600 cm-1. Since the emission probability is proportional to the ratio between 

the radiative rate (Wr= 1/ r) and the total one (Wr+Wnr), the radiative de-

excitation is more probable when the energy gap between two successive 

levels is higher than the phonon energy, 600 cm-1. In this case more than one 

phonon should be involved in the de-excitation process thus lowering Wnr

and therefore favoring the emission probability.

The radiative times for all the energy levels when Er is in Y2O3 host 

obtained by the Judd-Ofelt theory [60] are 78 s, 698 s, 644 s, 6.8 ms and 

7.7 ms respectively for Er de-excitations from 2H11/2, 4S3/2, 4F9/2, 4I11/2 and
4I13/2 to the 4I15/2 energy level. Figure 3.17 reports decay time curves of two of 

the most intense PL emissions, the (2H11/2, 4S3/2
4I15/2 at 566 nm and 4I13/2

4I15/2 at 1540 nm. Two very different temporal scales are evident: while at 

566 nm we estimated a lifetime value of about 26 s, a much longer lifetime 

has been observed at 1540 nm, equal to 2.5 ms for 1.1 Er at.%. Both values 

are compatible with the reported Er radiative lifetime of the 4S3/2 and of 4I13/2

in Y2O3.
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Figure 3.17. Time resolved measurements of Er emission at det=
566 nm (a) and det= 1540 nm (b) for Er:Y2O3 after annealing 
treatment at 800°C for 30 min in O2. The measurements were 
acquired at RT under 488 nm excitation. Exponential fits are also 
reported with the estimated lifetime values. 

3.3.2.Efficient Bi and Er coupling for visible and infrared 

emission

Bi ions were introduced in the Er:Y2O3 samples by ion implantation, 

as described in chapter 2, resulting in a Gaussian Bi profile spread over a 

thickness of about 80 nm, as measured by RBS. The Bi dose was varied in 

order to change the average Bi concentration between 3×1018 and 7×1020

Bi/cm3. The as-implanted samples were then annealed at 800°C for 30 min 

in oxygen atmosphere to stabilize the Bi3+ oxidation state and to remove 

eventual defects left over by the implantation process. The crystalline 

structure of the (Bi+Er):Y2O3 samples is unchanged with respect to the 

Bi:Y2O3 and Er:Y2O3. Thus it permits to conclude that even in presence of 
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both Er and Bi ions, both the species are well dissolved into the host, without 

forming separated crystalline phases. 

The eventual coupling between Bi and Er ions has been analyzed 

through the study of the optical properties of the (Er+Bi):Y2O3 thin film.

The energy transfer (ET) process was firstly studied by Forster for 

allowed transitions in organic materials [61] and then extended to forbidden 

transitions in inorganic materials by Dexter [62]. It is expected to be highly 

efficient when there is a large spectral overlap between the sensitizer (called 

also donor) emission spectrum and the acceptor excitation spectrum. A 

critical Förster radius, R0, has also been defined as the sensitizer-acceptor 

distance where the de-excitation through ET has the same probability with 

respect to the radiative one. This value depends mainly on the overlapping 

integral between the donor luminescence ( ) (normalized at the whole 

integral in all the PL spectrum) and the acceptor absorbance ( ),

following the formula

=  × × ×× × × × ( ) ( ) (3.4)

where nr is the refractive index of the host, NA is Avogadro’s number, 

is the luminescence quantum yield of the donor and is an orientation 

factor taking into account the relative orientation of the dipoles (for random 

orientation it is fixed at 2/3) [63]. Thus the Förster ET rate for dipole-dipole 

interaction can be written as a function of the sixth power of the donor-

acceptor distance, r, that is [64] = (3.5)
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More in general also dipole-quadrupole and quadrupole-quadrupole 

interactions are permitted and in those cases the power 6 becomes 

respectively 8 or 10. 

In order to verify if there are the conditions for the coupling between 

Bi and Er in our case, the Bi3+ (C2) and the Bi3+ (S2) emission spectra 

(studied in section 2.3.2) have been overlapped with the Er excitation 

spectrum, in absence of Bi, in Fig. 3.18. As it is possible to notice, the Bi3+

(C2) emission band, between 360 nm and 680 nm, matches with several Er3+

excitation peaks, such as 4G9/2 (360 nm), 4G11/2 (378 nm), 2H9/2 (410 nm), 4F5/2 

(455 nm), 4F7/2 (488 nm), 2H11/2 (520 nm). It overlaps also with one of the Er 

emitting levels shown in Fig. 3.16, 4S3/2 (566 nm), indicated in figure as a 

line. Lower overlap is observed between Bi3+ (S6) and Er3+ ions. Therefore 

we can expect the occurrence of energy transfer between both Bi3+ sites and 

Er3+ ions, but favored from Bi3+ in C2 site. 
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Figure 3.18. Comparison between Er:Y2O3 excitation spectrum  
detected at det= 566 nm and emission spectrum of Bi3+ (C2) and 
Bi3+ (S6) in Bi:Y2O3 under det= 325 nm and 368 nm. 
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In order to verity this coupling we have performed PL measurements 

with the 325 nm line of a He-Cd laser, in order to excite selectively Bi3+ ions 

in the C2 symmetry and simultaneously to avoid the resonant Er excitation. 

The obtained PL spectra from the (Er+Bi):Y2O3 samples are shown in Fig. 

3.19 for two different Bi contents as examples. In both cases we observe the 

Er3+ sharp peaks at 566 nm, 660 nm, 980 nm and 1540 nm and in addition

the typical Bi3+ (C2) emission peaked at 500 nm. It is interesting to note that 

the Bi3+ (C2) intensity decreases if compared with the single Bi doping of 

Y2O3 reported in the same figure and already analyzed in chapter 2. The 

simultaneous decrease of Bi3+ luminescence and the appearance of Er3+

emissions suggest the occurrence of the effective ET from excited Bi3+ (C2)

to Er3+ ions. The same behavior has been obtained for all the implanted Bi 

concentrations.
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Figure 3.19. Room temperature photoluminescence spectra from 
Bi:Y2O3 and (Er+Bi):Y2O3 for two different Bi contents. The 
spectra have been measured by pumping with the 325 nm line of 
a He-Cd laser with a photon flux of 2×1018 photons/(cm2s-1) [65].
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The emission pattern from (Er+Bi):Y2O3, after the Bi signal 

subtraction, is unchanged with respect to the one from Er:Y2O3 under direct 

excitation reported in section 3.3.1. Also the time resolved PL measurements

revealed that Er3+ decay times of all its radiative levels are unchanged in 

presence of Bi ions, thus suggesting that the mechanisms of Er3+ de-

excitation are independent of the Bi presence. Therefore no energy back-

transfer (BT) from Er to Bi ions is present in this type of host, as instead 

found in many works on Er and Bi codoped glasses [17] Moreover, the same 

PL behavior has been obtained also by selectively exciting the S6 symmetric 

site at 368 nm.

In order to confirm the origin of the Er3+ emission observed under 325 

nm excitation, the Er excitation band in presence of Bi was obtained by PLE 

measurements, by varying the excitation wavelength between 280 nm and 

500 nm and by fixing the detection wavelength to one of the Er3+ radiative 

transitions. Figure 3.20 reports the PLE spectra for detection wavelengths of 

566 nm and 1540 nm, as examples, from the (Er+Bi):Y2O3 sample 

containing 3×1020 Bi/cm3. The same broad excitation band, extended 

between 310 nm and 400 nm and centered at 330 nm, has been recorded for 

both the detection wavelengths. In addition it is interesting to note that the 

Er3+ PL signals expected under the known resonant excitation wavelengths 

(such as 360 nm, 378 nm, 410 nm, 455 nm and 488 nm, indicated as blue 

lines in the Fig. 3.20) are too low with respect to the signal observed under 

UV excitation to be visible in the spectra reported in Fig. 3.20. 
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Figure 3.20. PLE spectra from (Er+Bi):Y2O3 recorded from Er at 
566 nm and at 1540 nm The blue lines at the bottom scale 
represent the excitation wavelengths corresponding to the Er 
energy levels. The deconvolution of Er excitation band in Bi (C2)
and Bi (S6) excitation bands is also represented by dashed and 
dotted lines. 

About the observed broad band, it can be described as the convolution 

of the Bi3+(S6) and Bi3+(C2) excitation bands, reported as dashed and dotted

lines in Fig. 3.20 and already discussed in section 2.3.2. It is evident that the 

weight of the Bi3+(S6) excitation band is very low with respect to the Bi3+(C2)

one. It suggests that the main ET process between Bi3+ and Er is more 

efficient when Bi3+ ions are in the C2 site, as already suggested by the 

overlap integral in Fig. 3.18.

Therefore we can conclude that the observed Er3+ luminescence is due 

mainly to an ET from the Bi3+ (C2) to the Er3+ ions: excited Bi3+ ions can 

either emit photons at around 500 nm, corresponding to the 3P1
1S0
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transition, or de-excite non-radiatively by transferring their energy to the 

(2H11/2, 4S3/2) level of the nearby Er3+ ion. Then Er3+ ion de-excites by 

subsequent radiative decays to the ground state by emitting its characteristic 

photons in the visible and infrared regions. 

A quantitative estimation of the Bi-Er ET efficiency, ET, for the C2

site and of its dependence on Bi content has been obtained by considering 

the Bi3+ PL emission decrease when in presence of Er. In particular we have 

compared the Bi3+ PL emission from (Er+Bi):Y2O3, PL(500 nm)Er+Bi, and 

from Bi:Y2O3, PL(500 nm)Bi, for all the Bi concentrations. The ET values 

can be evaluated as [63]

= 1 ( )( ) = 1 . (3.6)

The energy transfer efficiency of the Bi3+ (C2 site) evaluated by PL 

intensity reduction is reported as a function of Bi content on the right hand 

scale of Fig. 3.21. It is about 85% for low Bi content, with only a slight 

decrease to about 70% for the higher Bi content despite the occurrence of the 

competitive Bi concentration quenching. 

These considerations are further supported by time resolved 

measurements of Bi ions in both the C2 and S6 symmetry sites. In both cases 

a Bi lifetime reduction has been observed when in presence of Er ions, even 

if more marked for the C2 site. The reduction of Bi lifetime can be explained 

by considering that the ET to Er ions represents an additional non-radiative 

decay channel to the Bi de-excitation. As example, by evaluating lifetime 

reduction for the Bi content of 3×1020 Bi/cm3, ET efficiency of 72% is

obtained for C2 symmetric site, compatible with the one obtained by the 

evaluation of PL reduction. Instead an efficiency of 45% is observed for S6
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symmetry sites, thus further confirming that C2 symmetric site permits the 

best Bi-Er coupling.

In order to understand the efficiency trend of the Bi-Er coupling as a 

function of Bi concentration, we have compared the Er PL intensity trend as 

a function of Bi concentration with the Bi (C2) PL trend in absence of Er. 

Figure 3.21 reports the PL trends relative to the Er3+ emissions at 1540 nm 

and at 566 nm from the (Er+Bi):Y2O3 and of the Bi3+ emission at 500 nm 

from Bi:Y2O3 as a function of Bi content.
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Figure 3.21. PL Intensity versus Bi concentration (and Bi-Bi 
mean distance, dBi-Bi, on top scale) recorded at 500 nm from 
Bi:Y2O3, at 566nm (after subtraction of PL contribution from Bi, 
and at 1540 nm from (Er+Bi):Y2O3. The continuous line is the 
linear fit to the data. On the right scale, ET efficiency calculated 
by PL reduction of Eq. (3.6), versus Bi content for (Er+Bi):Y2O3

samples. Black dotted line is reported to indicate the critical Bi 
content, Bi0 [65].
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The PL intensities of all the Er energy levels increase by increasing 

the Bi content with the same slope of the Bi3+ PL trend as expected thanks to 

the occurrence of ET from Bi to Er ions for all the Bi contents. However, in 

this case the deviation from the linear trend occurs for Bi concentrations 

higher than the critical concentration Bi0 of 3×1019 Bi/cm3 for which the

concentration quenching process between Bi ions occurs. These results 

confirm that the ET is efficient already at lower Bi concentration and 

moreover it is high even when the sensitizer optical efficiency is limited by 

the concentration quenching. In other words, the ET prevails over the latter 

effect for all the investigated Bi range. This behavior can be understood by 

considering that, being the Er content the same in all the samples, the mean 

Er-Bi distance, dEr-Bi, is approximately unchanged and equal to about 6.8 Å. 

Er-Bi interactions are hence stronger then Bi-Bi interactions and only for Bi 

concentrations around 3×1020 Bi/cm3, well above Bi0, the Bi-Bi interactions 

start to be visible. When the Bi concentration reaches about 7×1020 Bi/cm3,

corresponding to dBi-Bi~dEr-Bi, the Bi-Bi concentration quenching starts to 

compete severely with the Bi-Er ET, thus inducing the saturation of the Er3+

PL intensity. These results suggest that the increase of the Bi content above 

Bi0, although deleterious for the Bi optical efficiency, permits to improve the 

Er emission, owing to their spatial distribution. Therefore, for 8×1020 Er/cm3

the optimized Bi-Er coupling is reached for concentrations of 3×1020 Bi/cm3

in (Er+Bi):Y2O3, corresponding to a Bi:Er ratio of about 1:3.

The presence of Bi3+ as a sensitizer for Er3+ is very important not only 

because it permits to extend the range of excitation wavelengths of the 

(Er+Bi):Y2O3 system but also because the direct Bi3+ excitation is expected 

to be more efficient than the direct Er excitation. In order to quantify the Er3+

excitation cross section through the Bi3+ sensitization in our (Er+Bi):Y2O3
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samples, we compared the Er3+ emission obtained under Bi-mediated 

excitation with the one obtained under the direct 488 nm excitation. In the 

latter case the measurements have been rescaled to an equivalent thickness 

of 80 nm that corresponds to the thickness of the Bi containing layer, in 

order to consider the same volume of Er excited ions. Since we have found 

both the same Er emission patterns and the same decay times for each 

radiative Er level independently of the excitation conditions, in Fig. 3.22 we 

show the comparison between the Er3+ PL trends recorded at 1540 nm and at 

566 nm as a function of the pump flux, under both the excitation conditions, 

from the (Er+Bi):Y2O3 sample containing 3×1020 Bi/cm3 (that is the one 

showing the best Er-Bi coupling). First of all it is easy to note that to obtain 

similar Er3+ PL intensities the 488 nm photon flux must be more than three 

orders of magnitude higher than the 325 nm photon flux.
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Figure 3.22. Photoluminescence intensity versus photon flux 
recorded at 566 nm and at 1540 nm from (Er+Bi):Y2O3 under 325 
nm (indirect) and 488 nm (direct) excitation. Linear fits to the 
visible PL data are plotted. 
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In a linear regime the PL intensity versus the photon flux can be 

fitted by the linear relation [2,66]

, (3.7)

where the slope depends on the total lifetime , the radiative lifetime ,

the Er concentration and the Er3+ effective excitation cross section .

Thus by finding a linear regime in both the Er observed trends,

permitting to deduce that no upconversion (UP) mechanisms are present for 

these samples, it is possible to extrapolate information about the mediated 

excitation cross section with respect to the direct one. Since the measured 

does not change under direct and mediated excitation, the ratio of the slopes 

of the fits obtained by using Eq. 3.7 for the Er green emission at 566 nm 

gives the ratio of the effective excitation cross sections under direct Er 

absorption, Er, and under mediated excitation, Er-Bi. We found that Er-Bi is 

about 2220 times higher than Er. Assuming Er equal to 2.4×10-21 cm2 [67],

we can estimate a Er-Bi value of 5.3×10-18 cm2, that is compatible with the 

value of 10-17 cm2 reported for Bi3+ direct excitation cross section in BiGeO 

[34]. This high value further confirms the very efficient energy transfer 

between Bi3+ and Er3+ ions in Y2O3 films; moreover it is interesting to 

underline that this value is one of the highest obtained for Er in Si 

compatible hosts.

In conclusions we have investigated an original class of mixed oxide 

containing both Bi and Er in Y substitutional positions. The ET efficiency of 

70% has been demonstrated for the best Bi:Er ratio with an enhancement of 

the Er3+ effective excitation cross section by more than three orders of 

magnitude with respect to the direct one. These results make this material 
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very promising for Si-compatible optical amplifiers not only at 1540 nm,

wavelength of interest for telecommunication, but also in the visible range 

due to the contemporary enhancement of visible Er emission from (4S3/2,
2H11/2) and 4F9/2 energy levels.

3.4. Conclusions

In this chapter the possibility to synthesize Bi and Er containing 

silicates and oxides using methods fully compatible with the standard silicon 

technologies has been demonstrated. While very high amount of Er ions can 

be well introduced and dissolved in both the matrices, by controlling in a 

continuous way its concentration and the Er-Er mean distances, we have 

demonstrated a good dissolution of Bi ions only in the oxide host. 

By TEM imaging and STEM-EDX analyses it was possible to observe 

that in silicates host Bi always precipitates in clusters after annealing 

treatments in both N2 and O2. These nanoclusters have metallic nature in N2

and they are oxidized in O2, as demonstrated by the low loss energy 

spectrum acquired in STEM-EELS. The presence of metallic nanoparticles 

has been demonstrated to be deleterious for Er optical emission, introducing 

a new path of Er non radiative de-excitation that lowered its optical emission 

at 1.54 m and, as a consequence, the optical efficiency of the system. 

However, in O2 a totally different scenario has been observed; the 

stabilization of Bi3+ at lower Bi doses and the formation of Bi silicate 

nanoparticles at higher Bi doses have been shown. Moreover it was 

demonstrated that while only Bi3+ ions act as sensitizers for Er ions, Bi 

silicate nanoparticles have also a beneficial effect for Er emission since they 

reduce the interaction with non-radiative decay channels, as OH centers. 



Adriana Scarangella

155

The energy transfer process between Bi and Er, found in silicates, can 

be maximized in an oxide host where all the Bi ions introduced are stabilized 

in the Bi3+ oxidation state. This process has been widely discussed and 

evidenced by studying the optical properties of the Er and Bi containing 

compounds. In particular, the contemporary reduction of Bi3+ PL emission 

and the respective lifetimes at 500 nm and 406 nm in presence of Er, the 

existence of Er luminescence under non resonant excitation and the 

correspondence between Bi and Er excitation bands suggest that all the 

energy absorbed by Bi ions is transferred to Er, thanks to the high overlap 

between the Bi emission bands and the Er excitation bands. As a 

consequence, Er ions can be excited through Bi ET processes in a wide 

range in the UV, between 300 and 400 nm with an estimated efficiency 

between 70% and 80%. Since no differences in the Er de-excitation 

mechanisms after Bi introduction have been evidenced, it was possible to 

deduce that Bi ions act only as a sensitizer and do not introduce any 

additional Er non-radiative path, permitting to greatly increase Er optical 

properties. 

Er effective excitation cross section in presence of Bi has been 

evaluated in both the hosts by the comparison between Er optical properties 

under direct and mediated excitation by varying the excitation photon flux. 

In all the cases, an enhancement of Er excitation cross section has been 

obtained. This enhancement is by a factor of 5 in silicates at the lowest Bi 

content, where not all the Bi ions are stabilized in the Bi3+ state, and it 

reaches at best a factor of 500 in silicates with the highest Bi content, owing 

to the formation of Bi silicate nanoparticles. An even higher increment up to 

2000 has been instead obtained in oxides allowing the Er mediated excitation 

cross section to reach values up to 5.3×10-18 cm2. This high value is due to a 
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good dissolution of Bi ions inside the host, that results in a very efficient ET 

process between Bi and Er ions, and to the high Bi excitation cross section, 

around 10-17 cm2.

These results demonstrated that by properly optimizing the synthesis 

and the post-annealing conditions and introducing Bi as a sensitizer these 

materials are good candidates for Si-compatible optical amplifiers at 1540 

nm.
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