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1. Introduction

The most known fluorescence nanoparticles are the semiconductor nanocrystals usually
called quantum dots (QD) (Smith & Nie, 2010). These nanoparticles, with typical sizes
between 1 to 12 nm, are being used in many advanced technological applications, for
example in bioimaging (Gerion et al.,, 2001; Murcia et al., 2008; Williams et al., 2009).
However, some of the materials that compose the QD are rare in the earth crust and highly
toxic (Lovric et al., 2005).

Recently, the elements carbon and silicon, which are among the most abundant elements in
the earth crust and are intrinsically non-toxic, become quite important elements in
nanochemistry because they originate fluorescent nanostructures with relatively high
quantum yield. Bulk carbon and silicon materials are not fluorescent but the corresponding
nanomaterials are strongly fluorescent, allow emission colour tuning and are non-blinking
nanoparticles with high scientific and technological potential.

Carbon nanomaterials are already well known, like for example the fullerenes, carbon
nanotubes (CNT), either single-wall (SWNT) or multiple-wall (MWNT), carbon nanofibers
and graphene (Liu et al., 2010). Highly fluorescent carbon nanomaterials, here called carbon
dots (CD), were only accidently discovered in 2004 during the electrophoretic purification of
SWNT derived from arc-discharge soot (Xu et al., 2004). However, in the years 2000 and
2007, studies observed strongly fluorescence shortened MWNT and shortened SWNT (Luo
et al., 2007; Riggs et al., 2000). Indeed, CD are carbon based nanomaterials that possesses
similar size and surface functionality they constitute different families of nanomaterials and
are constituted mainly by carbon with sp2? hybridization characteristic of monocristaline
graphite with relatively high oxygen contents (Baker & Baker, 2010; Esteves da Silva &
Gongalves, 2011; Fan & Chu, 2010; Xu et al., 2004). CD are different from nanodiamonds
because these last nanoparticles are constituted by about 98% carbon with a sp3
hybridization with small amounts of graphitic carbon on the surface that are synthesized
from milling microdiamonds, chemical vapour deposition, shockwave or detonation
processes (Baker & Baker, 2010). New simplified synthetic pathways are being proposed and
the number of potential technological applications of CDs is increasing in the last years
(Baker & Baker, 2010; Esteves da Silva & Gongalves, 2011; Fan & Chu, 2010).

Another class of potentially non-toxic and biocompatible fluorescent nanoparticles are those
of silicon (silicon dots - SD). One fluorescent silicon nanoparticle (silicon porous
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nanoparticles) were first prepared in the 1950s by electrochemical etching in hydrofluoric
acid and ultraviolet irradiation (Parkhutik & Timashev, 2000) but its red luminescence was
only discovered in 1990 (Canham, 1990). However, porous silicon is fragile and highly
reactive limiting its straightforward applications. SD with typical sizes in the order of 1 to 10
nm are mechanically more rough and show high quantum yields. Also, SD has one common
property to QD, i.e. the emitted fluorescence is red shift with increasing size particles
(Canham, 1999). These properties confer SD a quite interesting role for optoelectronic
devices.

The research and modulation of SD is more advanced than CD and the application of
computational theoretical methods tom SD is a quit interesting research field (Pudzer et al.,
2003; Belomoin et al., 2002; Trabi & Barone, 2011). Indeed, SD have been studied by density
functional theory (DFT) and quantum Monte Carlo (QMC) methods to understand and
simulate their structural and optical properties. This theoretical approach together with
experimental confirmation will allow further developments in the understanding of the
fluorescent properties tuning.

This chapter will focus on the description of the fluorescent nanoparticles carbon dots (CD)
and silicon dots (SD) with a brief description of the synthesis methodologies, the current
state of the art about the comprehension of the fluorescence mechanisms, their multiphoton
excitation properties and its relevance to new bioimaging methodologies, and their most
recent scientific and technological applications.

2. Synthesis of carbon and silicon nanomaterials

The synthesis of stable carbon and silicon based high fluorescent nanoparticles usually
requires a two step methodology: the synthesis of the raw nanoparticle; and, reaction of the
surface atoms with other substances to passivation and/or functionalization.

Raw nanomaterials can usually be obtained by top-down or bottom-up approaches. Top-
down approaches usually include physical techniques, like for example laser ablation, or
chemical reactions, like for example chemical catalyzed etching. Bottom-up approaches are
usually chemical synthesis methods that use chemical precursors to synthesise the
nanoparticles. Figures 1 and 2 show the main synthetic routes of CD and SD, respectively.
(Baker & Baker, 2010; Esteves da Silva & Gongalves, 2011; Fan & Chu, 2010; Gongalves and
Esteves da Silva, 2011; Kang et al., 2011)
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Fig. 1. Synthetic methodologies for CD.
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Fig. 2. Synthetic methodologies for SD.

3. Fluorescence mechanism of silicon and carbon nanomaterials

QD are usually constituted by elements from groups 12 to 16, for example III-V materials
(GaN, InP, etc.), II-VI materials (ZnO, CdS, CdTe, etc.) and IV-VI materials (PbS, PbTe, etc.),
(Smith & Nie, 2010). Two of the most spectacular properties of QD, which is not observed in
the bulk material that is not fluorescent, are their quite strong luminescence and the
dependence of their fluorescence properties with the size of the nanocrystal.

The dependence of the luminescence properties of QDs with their size is well established.
QD show an electronic energy states distribution between that of a discrete molecule and
of the bulk semiconductor, characterized by a bandgap energy (Eg) corresponding to the
energy difference between the valence and conduction band (Fig. 3). The absorption of
energy higher than Eg by an electron in the valence band provokes its excitation into the
conduction band originating a negative charge and a positive hole in the valence band
(the pair negative charge and positive hole is called the exciton). In a nanoparticle the
annihilation of the exciton corresponds to the emission of fluorescence. However, the
exciton has a finite nanometric size defined by the Bohr exciton diameter that, for
relatively small nanocrystals, may be greater than the size of the nanoparticle (Esteves da
Silva and Gongalves, 2011). When this condition is observed the nanoparticle is under a
quantum confinement regime and their electronic properties are size dependent - the
nanocrystal growth provokes a redshift in the emission of the fluorescence (Fig. 3) (Smith
& Nie, 2010).

Another important characteristic of nanoparticles is that, due to its small size, a relatively
high fraction of the atoms that constitutes the nanoparticle are localized at the surface. The
atoms at the surface shows reduced coordination number and there is corrosion and
imperfections which may affect the electronic properties of a nanoparticle - the smaller the
nanocrystal the more important become the surface defects (Esteves da Silva and Gongalves,
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2011). Consequently, the electronic properties of QD may have contribution of surface

defects besides quantum confinement effects.
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Fig. 3. Schematic representation of the electronic energy states in a semiconductor where
quantum confinement is observed in the nanoparticles.

Silicon is a semiconductor with a bandgap energy of 1.14 eV (Shirahata et al., 2010; Wilcoxon
et al., 1999). However, Silicon has no significant optical performance due to its indirect
bandgap character (Fig. 4). The exciton Bohr radius of silicon is 4 nm and, under strong
quantum confinement regime, the probability of radiative recombination through the direct
bandgap transitions is increased and through phonon-assisted indirect bandgap transitions
is reduced (Fig. 4) (Warner et al., 2005). Nanoparticles of silicon are highly luminescent and
show quantum confinement size dependent properties resulting in the widening of the
bandgap from 1.14 eV of the bulk to about 3.26 eV (380 nm) (Holmes et al., 2001; Shirahata et
al., 2010).

Quantum confinement size dependent properties of SD have been observed for Si
nanoparticles of size between 3 and 8 nm (Ledoux et al., 2002). Indeed, the energy of the
emitted photons shifts to higher values when the size of the nanoparticles is reduced.
However, for smaller SD, the surface composition becomes more important than the
quantum confinement effect and the tuning of the emitted light becomes more difficult
(Kang et al., 2011). SD of size between 1 and 4 nm showed quantum confinement effects,
namely the maximum emission wavelength of 1 nm nanoparticles particles was 450 nm, 2
nm 520 nm, 3 nm 640 nm and 4 nm 740 nm (Kang et al., 2007; Kang et al., 2011). The
emission of these SD could be tuned by chemically modification of the surface of the
nanoparticles showing controllable surface effects.

The fluorescence of SD is still not complete understood but both quantum confinement
effects and/ or surface defects are involved in the fluorescence emission mechanism.
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Fig. 4. Schematic representation of the electronic energy states in a direct (a.), indirect (b.)
and with surface states semiconductor.

Similarly to QD and SD, CD are highly fluorescent nanoparticles. However, the fluorescence
properties of CD do not show size dependency suggesting different fluorescence
mechanism. Nevertheless, CD also shows the particular property of multicolour emission
when different excitation wavelengths are used (Li et al., 2010; Liu et al., 2007; Liu et al.,
2009; Mao et al., 2010; Peng & Travas-Sejdic, 2009; Zhu et al., 2009). Indeed, carbon is an
insulator and quantum confinement effects are not expected for CD. Although the
fluorescent mechanism of CD is still not clearly understood the fluorescence properties of
these nanomaterials should be due to surface defects that originates energy levels that
justifies the light emission (Fig. 4.c). These electronic levels distribution allow radiative
recombination of excitons (Peng & Travas-Sejdic, 2009; Zhu et al.,, 2009). Also, and
supporting the main effect of surface defects on the fluorescence properties, CD become
fluorescent and the quantum yield increases when the nanoparticles are subjected polymer
passivation and nitric acid treatment (Li et al., 2010; Liu et al., 2007; Liu et al., 2009; Mao et
al., 2010; Peng & Travas-Sejdic, 2009; Zhu et al., 2009). Different starting materials and
different fractions of similar size carbon nanoparticles also show different fluorescence
emission properties.

4. Multiphoton excitation phenomenon

When two low-energy photons arrive ‘simultaneously’ at a fluorophore and, through
interaction with it, provokes the excitation of an electron that normally is excited by one
higher energy photon, a two-photon excitation phenomenon (TP) is observed (Fig. 5) (Kim
& Cho, 2009; Xu et al., 1996; Williams et al., 2001). TP based fluorescence microscopy using
lower energy radiations as excitation sources (red or NIR photons) is becoming a quite
popular technique for in vivo analysis (bioimaging) because of the following: (i) deeper
penetration depth (>500 pum); (ii) lower tissue auto-fluorescence and self-absorption; (iii)
reduced photodamage and photobleaching; and, (iv) localized excitation. One characteristic
of the TP probes is the excitation cross sections (6TP) usually expressed in GM (Goppert-
Mayer) units (1 GM = 10-50 cm# s/photon). Larger 8TP the better because the TP probe is
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more fluorescent and higher sensitivities are achieved. Apparently, the progress in this area
is limited for the lack of appropriate probes (Kim & Cho, 2009).

Excited state v Excited state
{ !
Excitation Emission Excitation | Emission
Ground state ~a Ground state
One-photon excitation Two-photon excitation
fluorescence fluorescence

Fig. 5. Schematic representation of the electronic energy states of a fluorescent substance
when one and two-photon excitation is observed.

Carbon and silicon nanoparticles can be excited by single (UV or near UV) or TP (red or
NIR). TP and the low cytotoxicity and biocompatibility of carbon and silicon nanomaterials
make them excellent sensors for bioimaging applications with a simple and straightforward
application methodology (Fig. 6). CD and SD show luminescence with TP excitation in the
NIR (800 nm fentosecond pulsed Ti:sapphire laser) (Cao et al., 2007) or long-wavelength
light (from 500 to 1000 nm) (Akcakir et al., 2000; Li et al., 2010b). The maximum of the
emission of fluorescence is in the 400 to 500 nm wavelength range as usually observed when
one-photon excitation is used. The TP excitation is confirmed because a quadratic
relationship between excitation laser power and the measured luminescence intensity is
observed (Cao et al., 2007; Li et al., 2010Db).

5. Applications of carbon and silicon nanomaterials

In this section some selected applications of fluorescent CD and SD are described. The
selection criteria were their recent publication and potential for the future development of
scientific and technological real applications. Indeed, taking into consideration the
unlimited resources of both carbon and silicon in the earth crust, and their no toxicity and
biocompatibility potential, major nanotechnological advances and future applications will
have a strong contribution from CD and SD. These fluorescent nanoparticles will have an
active role in the near future in bioimaging in biomedicine and bioanalytical applications, as
nanocatalysts in technology and biochemistry, in sustainable energy devices and advanced
analytical chemistry applications in general.
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Fig. 6. Steps necessary to label cells with fluorescent nanoparticles before imaging with
(either one-photon or two-photon excitation).

5.1 Carbon and silicon dots in bioimaging

Bioimaging sensors for in vivo diagnostics must be non-toxic and biocompatible. QDs based
bioimaging methodologies have appeared in the last years together with toxicity concerns
because they are constituted by intrinsically toxic elements like cadmium (Hardman, 2006;
Lovric et al., 2005). CD and SD are constituted by intrinsically non-toxic elements which
make them a particularly useful and promising bioanalytical tools as their performance
approaches that of QDs. CD and SD have been demonstrated to have a very low cytotoxicity
and were shown to internalize cells, probably by endocytosis mechanism, which, taking into
consideration the MPE properties discussed above, makes these nanoparticles suitable for
bioimaging purposes (Akcakir, 2000; Erogbogbo, 2011; Li et al., 2010; Li & Ruckenstein, 2004;
Manhat, 2011; Ray et al., 2009; Sun et al., 2006; Veinot, 2006; Yang et al., 2009a; Yang et al.,
2009b).

The development of bioimaging agents that are selectively uptake by cancer cells is a
particularly active research field. Usually CD or SD are functionalized with an aminoacid
(lysine or glutaric acid), folic acid, antimesothelin or transferring to be selectively uptake by
cancer cells (Erogbogbo, 2011; Li et al., 2010a; Manhat, 2011).

5.2 Carbon dots as peroxidase mimetics

Surprisingly CDs have shown to possess enzymatic properties because they have a
peroxidase like activity (Shi et al., 2011). Indeed, CDs catalyses the oxidation of peroxidase
substrates by hydrogen peroxide. For example, 3,3',5,5'-tetramethylbenzidine (TMB) is
oxidised by hydrogen peroxide in the presence of CDs and detected by the production of a
blue coloured compound (oxidised TMB). This new function of CDs opens new perspectives
in their bioanalytical potential as a nanosensor for hydrogen peroxide and glucose (Shi et al.,
2011).
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The comparison of CDs with horseradish peroxidase (HRP) showed that CDs required a
hydrogen peroxide concentration about two orders of magnitude higher than HRP to reach
a maximum level of peroxidase activity (Shi et al., 2011). This result suggested that CDs are
more stable than HRP at high hydrogen peroxide concentration. Also, CDs are much more
stable than HRP.

Because the colour development (absorbance at 652 nm) was found proportional to the
hydrogen peroxide concentration when TMB was used as substrate a quantitative method
was obtained with a limit of detection of 0.2 uM (linear plot in the hydrogen peroxide
concentration between 0.0010-0.10 mM) (Shi et al., 2011).

The coupling of CDs with other enzymes can generate new bioanalytical methodologies,
like for example for the quantification of glucose. Indeed, by combining CDs and TMB with
glucose oxidase a straightforward colorimetric method for glucose is obtained with a limit of
detection of 0.4 uM (linear plot in the glucose concentration between 0.0010-0.50 mM) (Shi et
al., 2011). This method is sensible enough for serum glucose quantification because the
concentration in healthy and diabetic individuals range from 3 to 8 mM and 9 to 40 mM.

5.3 Silicon dots as nanocatalyst and photodynamic therapy

SD shows great potential as nanocatalyst with strong and tunable chemical activity,
specificity and selectivity (Kang et al., 2011). These properties of SD are attributed to their
tunable band gap energy and photoconductivity properties.

Due to the larger exciton (electron/hole pair) energy of SD with 1 to 2 nm size, these
nanoparticles induces the photochemical reduction of carbon dioxide to carbonate anion
and degradation of methyl red. Also, SD with 3 to 4 nm size photocatalyses the
hydroxylation of aromatic hydrocarbons - benzene is transformed to phenol with a 100%
yield with high selectivity. (Kang et al., 2011)

These catalyst properties of SD are probably due to their efficient photosensitizers of singlet
oxygen (Timoshenko et al., 2006). This property has been used to suppress the division of
cancer cells as consequence of the oxidation of cell material by singlet oxygen (Steller, 1995).
Also, the formation of superoxide ions was observed when SD are present (Fujii et al., 2005).
The photochemical synthesis of reactive oxygen species appears promising for use in
photodynamic therapy of cancer.

5.4 Metallic plasmons and carbon dots luminescence interaction

An important recent scientific result was the successful coupling of plasmonic metal
nanoparticles with luminescent CD (Zhang et al., 2011; Li et al., 2011). Indeed, the coupling
of CD with plasmon metals enhances the CD brightness (metal enhanced fluorescence -
MEF) and photostability resulting into better detectability in bioanalytical applications. Two
different coupling strategies have been successfully tested that show MEF: CDs immobilized
in glass substrates containing silver islands films (SiFs) (Zhang et al., 2011); and, deposition
of CDs on the surface of silver nanoparticles mediated with a silica layer (Li et al., 2011).
MEF results from the interaction, within the wavelength of light (near-field conditions), of
the luminescent material with the metallic surface plasmons. This interaction provokes an
enhancement of the fluorescence of the nanoparticle and reduces the corresponding excited
decay times leading to enhanced photostability (Zhang et al., 2011). When the fluorescent
nanoparticle is more than one wavelength of light way (far-field conditions) the
corresponding quantum yield (Q,) is given by (Zhang et al., 2011):
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Qo=1/ [+ Ky)

where /7is the fluorophores’ radiative decay rate and Kj, are the nonradiative decay rates for
excited state relaxation. Under near-field conditions the quantum yield (Qm) is given by:

Qm=(I"* )/ (I'+ I'm* Kur)

where 73, is the system modified radiative rate. The corresponding far (1) and near-field (tm)
lifetimes are given by (Zhang et al., 2011):

1=1/ (It Ku)
Tm =1/ (I"+ It Ki)

These equations show that when 73, increases, the quantum yield increases (MEF) and the
lifetime is reduced (enhanced photostability).

5.5 Silicon dots coupled with multi-polar plasmonic hot spots

The metal enhanced fluorescence (MEF) has been investigated for SD (Nychyporuk et al.,
2011). Indeed, as discussed above for CD, the photo-stimulated emission of fluorescence of
fluorophores suffers a significant enhancement when they are in the vicinity of metal
nanoparticles. Stronger fluorescence enhancement is achieved when SD are localized in
regions where the photo-induced electric fields from several metal nanoparticles are
superimposed (hot spots) (Nychyporuk et al., 2011).

SD were embedded in a silicon nitride matrix (SiNy) and deposited on a quartz substrate
using a chemical vapour deposition technique followed by the fabrication of a monolayer of
silver nanoislands on the surface of the SiN, dielectric film and covered by a thin silicon
nitride film (SiNy) containing SD dispersed inside it (Nychyporuk et al., 2011). This
procedure resulted in the preparation of 208 nm films (SiNyx - 170 nm; SiNy - 38 nm)
containing SD with mean diameters between 2 and 4 nm, silver nanoclusters with a mean
diameter of 18+3 nm and two adjacent silver islands are separated by about 20 nm distance.
Strong MEF was observed in the mean distance between two adjacent silver islands because
these places correspond to the photoexcited plasmon hot spots (Nychyporuk et al., 2011).
The local plasmon resonance of the silver islands could be tuned in the visible spectral range
(400 to 600 nm) by adjusting the SiNy dielectric constant allowing an optimization of the
MEF for the SD.

a.  HOMO b. c. - d-;

Discrete Two metal Cluster of metal Bulk metal
metal atom atoms atoms

Fig. 7. Schematic representation of the electronic energy level diagram of discrete metal
atoms (a.), two metal atoms (b.), clusters of metal atoms (c.) and bulk metallic element (d.).
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5.6 Carbon dots immobilized in fiber optics

The use of optical sensors in chemical and biological analytical measurements is an
expanding area of research with growing importance, especially in biomedical and
environmental applications. Indeed, optical sensors are intrinsically immune to
electromagnetic interferences and, if properly designed, can show an increased sensitivity,
fast response times and suitability to remote monitoring when used with optical fibers
(Jorge et al., 2005). The combination of optical fiber technologies with fluorescence
spectroscopy has greatly contributed to the progress of optical chemical sensors (Gongalves
et al., 2010; Jorge et al., 2005; Maule et al., 2010). However, the design of sensing heads based
on fiber optics requires high quantum yield fluorescent sensors and fluorescent
nanomaterials are strong candidates to be coupled to fiber optics (Gongalves et al., 2010;
Jorge et al., 2005; Maule et al., 2010).

CD synthesised by laser ablation and and functionalized with N-acetyl-l-cysteine were
successful immobilized (thin of about 750 nm) in the tip of a fiber optic using a sol-gel
technology (Gongalves et al., 2010). Due to the CD functionalization the sensing head
selectively and reversibly responds to mercury(ll) ions by a quenching mechanism. The
response of the nanosensor is fast (less thanlOs) and stable. Also, submicronmolar
concentrations of mercury(ll) could be detected and quantified - Stern-Volmer constant
(pH=6.8) of 5.3x105 M-1.

5.7 Carbon dots for photocatalyst design

Photoexcited CD have been shown to have redox active properties namely as electron-donor
capabilities in reduction reactions (Wang et al., 2009). This property was observed when
silver ion was reduced to silver metal upon irradiating with a Xe arc lamp (450 and 600 nm)
an aqueous solution of CD silver ions (Wang et al., 2009).

The upconverted photoluminescent and redox properties of CD opened interesting
perspectives in its application as energy-transfer agents in photocatalyst design (Li et al.,
2010). CD were dispersed on the surface of TiO, and SiO, and their potential in the
photocatalytic degradation of methyl blue was assessed using a 50 mg/L solution - after 25
minutes the reduction of methyl blue was almost completed (Li et al., 2010). When undoped
TiO; and SiO; or CD alone were used the reduction of methyl blue was nearly inexistent.
The observed difference in the reduction yield is due to the relatively large intrinsic band
gap of TiO, which has as consequence of only less than 5% of the sunlight is used. When
TiO; is doped with CD the full spectrum of sunlight can be used because the nanoparticles
absorb visible light and emit at shorter wavelength (325 to 425 nm) which can be used by
TiO; and SiO; originating the exciton. This excitation species is responsible for the formation
of reactive oxygen species that provokes the degradation of the dyes (Li et al., 2010).
Moreover, the presence of CD attached to the oxides surfaces permits the transfer of
electrons allowing charge separation, stabilization and hindered recombination with an
overall higher activity of the photocatalyst (Li et al., 2010).

5.8 Carbon dots for white LED

White light-emitting devices (WLED) are currently an alternative as low energy
consumption light sources and liquid-crystal displays among many other technological
applications with significant economical advantages (Jang et al., 2010; Wang et al., 2011). CD
have been successfully used in the fabrication of an electroluminescent (EL) device that
emits a spectrum that approximates natural sun light (Wang et al., 2011).
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WLED based CD were assembled using a tri-layer nanocrystal EL device (Wang
et al, 2011): a 40 nm thick poly(3,4-ethylenedioxythiophene):poly(stryrenesulfonate)
(PEDOT:PSS) layer on the anode; CD with 5 nm diameter with a quantum yield of more
than 60%, dispersed in toluene, were spun-casted onto the PEDOT:PSS forming a 20 nm
thick film; a 40 nm thick 1,3,4-tris(N-phenylbenzimidazol-2-yl) benzene (TPBI) was used
as the electron transporting layer; finally, a 1 nm thick LiF and 120 nm thick Al electrodes
were deposited by thermal evaporation. The EL spectrum of this device covers the entire
visible zone with a turn-on voltage of about 6 V and a maximum brightness output of
35 cd m-2.

5.9 Silicon dots for photovoltaic applications

The use of solar cells for the sustainable production of electric energy is a well known
strategy that is characterized by its relatively high cost due to the cost of the cell material
and relatively low efficiency. SD may contribute significantly for efficiency improving and
cost reducing of solar cells (Luo et al., 2011).

One of the most important properties of SD useful for solar cells is their tunability because
different bandgap layers, with chemical and thermal compatibility (the same material), can
be assembled in multi-junction solar cells. Indeed, a large number of different bandgap
layers that match the solar spectrum and raising the efficiency can be assembled using the
same growth process because the same SD are being used. Another property of SD, that is
common to QDs, is the multi-exciton generation (MEG) and consists in the generation of
multiple electron-hole pairs from the absorption of a single photon. MEG may increases
considerably the power conversion of solar cells. Also, the possibility of MPE of SD
constitutes another factor for increasing the efficiency of solar cells.

6. Perspectives

The progresses that are being observed in the synthesis of high quantum yield fluorescent
carbon and silicon nanoparticles are opening new technological applications for these
intrinsically no toxic and highly abundant materials. Indeed, in the very near future CD and
SD will have an important role in energy conversion systems, new illumination apparatus
and catalytic processes.

In the human health sector, namely in medical diagnosis and imaging, CD and SD are
becoming an important area of scientific and technological development. Indeed, these
nanomaterials with a suitable functionalization can be used in bioimaging methodologies
replacing the already established protocols including classical organic dyes and the
potentially toxic cadmium based QD. Moreover, CD and SD show multiphoton excitation
properties which markedly increase their bioimaging potential.

Consequently, fluorescent carbon and silicon nanomaterials will play an important role in a
sustainable development of the earth.
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