
Selection of our books indexed in the Book Citation Index 

in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 

For more information visit www.intechopen.com

Open access books available

Countries delivered to Contributors from top 500 universities

International  authors and editors

Our authors are among the

most cited scientists

Downloads

We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

12.2%

122,000 135M

TOP 1%154

4,800

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by IntechOpen

https://core.ac.uk/display/322408401?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


2 

Stimulated Raman Scattering in Quantum Dots 
and Nanocomposite Silicon Based Materials 

M. A. Ferrara*, I. Rendina and L. Sirleto  
 National Research Council-Institute for Microelectronics and Microsystems, Napoli, 

Italy  

1. Introduction  

Stimulated Raman Scattering (SRS) is one of the first discovered nonlinear optical effects: a 
pump laser beam enters a nonlinear medium and spontaneous generation and amplification 
lead to a beam at a frequency different from the pump. SRS is dependent on the pump 
intensity and on a gain coefficient g, which depends on material scattering efficiency: the 
larger the spontaneous scattering efficiency of materials is, the higher the Raman gain for a 
given intensity is obtained. As a general rule, there is a trade-off between gain and 
bandwidth in all laser gain materials: line-width is bought at the expense of peak gain. Of 
course, this is true for bulk solids, but the question is what happens at nanoscale? 

Nonlinear optics at nanoscale is a recent fascinating research field. Stimulated Raman 
scattering in electrons-confined and photons-confined materials is of great importance from 
both fundamental and applicative point of view. Concerning the fundamental one, there 
have been a number of investigations both experimental and theoretical, but the question is 
still “open”, while from an applicative point of view, there are some important prospective, 
for example to realize micro/nano source, with improved performances. 

In this chapter, experimental investigations of stimulated Raman scattering in silicon 
quantum dots and in silicon nanocomposite are reported. Two Raman amplifiers are 
realized and amplifications due to stimulated Raman scattering are measured. For both of 
them, a significant enhancement of Raman gain and a significant reduction in threshold 
power are demonstrated. Our findings indicate that nanostructured materials show great 
promise for Si-based Raman lasers. 

2. Basis on Stimulated Raman Scattering and Raman amplifier  

SRS belongs to a class of nonlinear optical processes that can be called quasi-resonant. 
Although none of the fields is in resonance with the vibrations in the lattice of the medium 
(optical phonons), the difference between the pump and generated beam equals the transition 
frequency. SRS is used in tunable laser development, high energy pulse compression, etc. 

SRS can be obtained by irradiating a solid with two simultaneous light sources: a light wave 

at frequency L  (the pump laser wave) and a light wave at frequency S L      (the 
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Stokes Raman wave), where   corresponds to a vibrational energy (Fig. 1). The pump 

causes the molecular vibration and thereby impress frequency sidebands (Stokes and anti-

Stokes). From the other side, Stokes wave at frequency S  can beat the laser to produce a 

modulation of the total intensity that coherently excites the molecular oscillation at the 

frequency L S    . These two process due to pump and Stokes waves, reinforce one 

another in the sense that the pump effect leads to a stronger Stokes wave, which in turn 

leads to a stronger molecular vibration (Boyd, 2003). 

 

Fig. 1. Stimulated Raman Scattering. 

In the steady-state (no pump depletion) regime of SRS, the intensity of the output Stokes 
radiation is expressed by (Shen & Bloembergen , 1965) 

 ( ) (0) exp( (0) )S S PI L I I gL   (1) 

where IS0 is the intensity of the input Stokes radiation (Stokes seed), IS is the intensity of the 
output Stokes radiation, IP is the intensity of the pump radiation, g is the Raman gain 
coefficient, and L is the effective length. Assuming no losses at the Stokes frequency, the value 
of the gain coefficient g can be obtained by fitting Eq. (1), which is readily transformed into  
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where IP = P/A with P as the power incident onto the sample and A as the effective area of 
pump beam. Since the sample transparent to the incident light, L is taken to be equal to the 
thickness of the sample along the path of the incident light. 

Raman lasing can be achieved by using the Stimulated Raman Scattering phenomenon, 
which permits, in principle, the amplification in a wide interval of wavelengths, from the 
ultraviolet to the infrared.  

Fused silica has been, for the past century, the key material used for long and short haul 
transmission of optical signals, because of its good optical properties and attractive figure of 
merit (i.e. trade-off between Raman gain and losses). A breakthrough in fiber optics 
communications was achieved with the reduction of the water absorption peak at 1400 nm, 
which opened up the available communication range to span from 1270 to 1650 nm, 
corresponding to about 50 THz bandwidth (Rivero et al., 2004). This dramatic increase in 
bandwidth rules out the use of existing Er doped fiber amplifiers, leaving Raman gain as the 
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main mechanism for future amplification needs. However, the main disadvantage of the 
current silica fiber amplifiers is the limited usable bandwidth for Raman amplification (5 
THz, approx. 150 cm-1). 

On the other hand, in the past few years several strategies have been developed to engineer 
efficient light sources and amplifiers in silicon-based materials (Pavesi & Lockwood, 2004; 
Soref, 2006), with the aim to demonstrate a convenient path to monolithic integration of 
optical and electronic devices within the mainstream Si technology. In particular, Raman 
amplification is an interesting approach for optical amplification, because it is only restricted 
by the pump wavelength and Raman active modes of the gain medium (Islam, 2002; Mori et 
al., 2003). Light amplification by stimulated Raman scattering  in silicon waveguides has 
been recently demonstrated, despite intrinsic limitations related to the nature of the bulk Si 
materials have been pointed out (Jalali et al., 2006; Dekker et al., 2007). 

Raman scattering in bulk silicon was studied as early as 1965 (Russell, 1965). Using a 
helium–neon laser with an output wavelength of 0.6328 ┤m, backward Raman scattering 
from silicon was measured, and it was found that the Raman scattering efficiency in silicon 
was 35 times larger than that for diamond (Russell, 1965). In 1970 (Ralston & Chang, 1970), 
more detailed Raman experiment using a YAG:Nd laser having a wavelength of 1.064 ┤m 
was performed. Both spontaneous and stimulated Raman scattering efficiency was 
characterized experimentally  (Ralston & Chang, 1970). The observed Raman frequency 
downward shift of 15.6 THz corresponds to optical phonon energy of silicon at the center of 
the Brillouin zone (Hart et al., 1970; Temple & Hathaway, 1973). The first-order resonance, 
which is of primary importance here, has a full-width at half-maximum of 105 GHz (Temple 
&  Hathaway, 1973). This imposes a maximum information bandwidth of approximately 105 
GHz that can be amplified. The Raman linewidth becomes broader when a broadband 
pump is used. These experiments has the merit to prove that silicon has a relatively strong 
Raman scattering efficiency (four orders of magnitude higher than that for silica) (Agrawal, 
1995; Claps et al., 2002; Claps et al., 2003).  

2.1 SRS in silicon waveguide 

SRS has been exploited in optical fibers to create amplifiers and lasers. However, several 
kilometers of fiber is typically required to create a useful device, suggesting that the 
approach is not applicable in integrated devices. Often overlooked was the fact that the gain 
coefficient for SRS in silicon is approximately 103−104 times higher than that in silica fiber. 
Additionally, owing to the large refractive index, silicon waveguides can confine the optical 
field to an area that is approximately 100–1000 times smaller than the modal area in a 
standard single-mode optical fiber, resulting in proportionally higher Raman gain (Claps et 
al., 2002). When combined, these facts make it possible to observe SRS over the interaction 
lengths encountered on a chip (Claps et al., 2002; Claps et al., 2003; OSA Press Room 
Editorial). 

As silicon is transparent in 1.3–1.6 ┤m (optical communication band), Raman scattering in 
silicon waveguides in such a wavelength range has attracted a great deal of interest in the 
past couple of years (Claps et al., 2002; Rong at al., 2005).  

The use of SRS in silicon waveguides was proposed in 2002 as a means to realize silicon 
amplifiers and lasers (Claps et al., 2002; OSA Press Room Editorial). This was followed by 
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demonstration of stimulated emission (Claps et al., No. 15, 2003) and Raman wavelength 
conversion (Claps et al., No. 22, 2003) in silicon waveguides in 2003. Shortly afterward, the 
approach led to the demonstration of the first silicon laser in 2004: a device that operated in 
the pulsed mode (Boyraz & Jalali, 2004; Nature News Editorial) followed by demonstration 
of continuous-wave (CW) lasing in 2005 (Rong  et al., No. 7027, 2005). 

Pulsed lasing has been achieved using a ring cavity formed by an 8-m-long optical fiber and 
silicon as the gain medium via SRS  (Boyraz & Jalali, 2004). The slope efficiency, which is 
described by the ratio of the output peak power and the input peak pump power, obtained 
was 8.5%. 

An all-silicon Raman CW laser has been demonstrated using centimeter-size silicon 
waveguide (Rong et al., No. 7023, 2005; Rong et al., No. 7027, 2005). Recently, the waveguide 
was replaced by a ring cavity witch have a total length of 3 cm and a bend radius of 400 μm  
(Rong et al., 2006). A slope efficiency of ~10% was obtained. 

2.2 Problems in silicon waveguide Raman amplifiers 

In two-photon absorption (TPA) process an electron absorbs two photons from the laser 

(Fig. 2) at approximately the same time (or within less than a nanosecond) and achieves an 

excited state that corresponds to the sum of the energy of the incident photons. This is a 

nonlinear process, occurring with significant rates only at high optical intensities, because 

the two-photon absorption coefficient is proportional to the optical intensity of pump laser. 

TPA can be eliminated entirely choosing a material for which the lowest-lying excited state 

lies more than 2   above the ground state  (Boyd, 2003). 

 

Fig. 2. Two Photon Absorption. 

As a multiphoton process, TPA is a competitive effect of stimulated Raman scattering. In 
particular the two-photon absorption (TPA) reduces the efficiency of SRS phenomena. 

The main challenge in silicon Raman laser is the loss caused by the free carriers that are 
generated via TPA (Liang & Tsang, 2004; Claps et al., 2004). By determining the steady-state 
density of generated carriers, and hence the magnitude of the pump-induced loss, the 
recombination lifetime is the central parameter in Raman as well as other semiconductor 
nonlinear optical devices. Due to the presence of interface states at the boundary between 
the top silicon and the buried oxide layer, the recombination lifetime in SOI is much shorter 
than that in a bulk silicon sample with comparable doping concentration. This effect 

Pump 
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depends on the method used for preparation of the SOI wafer and the film thickness, with 
measured and expected values ranging between 10 and 200 ns (Mendicino, 1998; Freeouf & 
Liu, 1995). In SOI waveguides, the lifetime is further reduced to a few nanoseconds, or even 
below in the case of submicrometer waveguides, due to the recombination at the etched 
waveguide facets and, in the case of rib waveguides, due to diffusion into the slab regions 
(Dimitropoulos et al., Vol. 86, 2005; Espinola et al., 2004). By introducing midgap states 
through high-energy irradiation and gold or platinum doping, the lifetime can be further 
reduced. The carrier density can also be reduced by using a reverse-bias p-n junction to 
sweep the carriers out (Liang & Tsang, 2004; Claps et al., 2004), and CW gain using this 
approach has been reported (Liu et al., 2004; Fathpour et al., 2006). However, free-carrier 
screening of the junction electric field, a phenomenon reminiscent of high power saturation 
in photodetectors, limits the usefulness of this technique to modest pump intensities 
(Dimitropoulos et al., Vol. 87,  2005). Furthermore, the diode results in electrical power 
being dissipated on the chip. 

Being optically pumped, it is unlikely that the Raman laser will play a role in optical 
interconnects; on the other hand, by compensating for coupling and propagation losses, a 
Raman amplifier can have an impact. However, the device length will have to be drastically 
lower than the centimeter-length device demonstrated so far. At an intensity of 100 MW/cm2 
(100 mW pump coupled into a 0.1μm2 waveguide) and with silicon’s Raman gain coefficient of 
~20 cm/GW, the gain will be ~1 dB/mm. Such a modest gain per unit length creates a 
challenge for miniaturization of Raman amplifiers, a prerequisite for their integration with 
silicon VLSI-type circuits. The long waveguide length will not be an issue if the device is used 
as a stand-alone discrete amplifier (similar to the role played by the EDWA). 

2.3 Silicon nanostructures 

Taking into account intrinsic limitations related to the nature of the bulk Si materials, that is 
the narrow-band (105 GHz) of stimulated Raman gain, the small Raman effect and the  
competing nonlinear effect of TPA, which reduces the efficiency of SRS, the investigation of 
new materials possessing both large Raman gain coefficients and broader spectral 
bandwidth than fused silica and/or silicon is becoming mandatory in order to satisfy the 
increasing telecommunications demands.  

Nanostructured silicon has generated large interest in the past decades as a promising key 
material to establish a Si-based photonics. An accurate knowledge of both linear and 
nonlinear optical properties of these structures is crucial for the conception and design of 
highly efficient photonic structures and for the control of their performance (Pavesi & 
Lockwood, 2004).  

Strong enhancement (~103) of the spontaneous Raman scattering was reported from 
individual silicon nanowires and nanocones as compared with bulk Si (Cao et al., 2006). The 
observed enhancement was diameter, excitation wavelength, and incident polarization state 
dependent. The observed increase in Raman-scattering intensity with decreasing diameter 
in this system was explained in terms of structural resonances in the local field similar to 
Mie scattering from dielectric spheres. 

We note that SRS from spherical droplets and microspheres, with diameters 5÷20 μm, has 
been observed using both pulsed and continuous wave probe beams (Spillane et al., 2002). 
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Except for report of SRS from individual single walled carbon nanotubes (Zhang et al., 
2006), and the observation of SRS from semiconductor nanowires (Jian Wu et al., 2009), we 
find no other evidence for this important nonlinear optic effect in nanostructured materials. 

3. Broadening and tuning of Spontaneous Raman Scattering in silicon 
nanocrystals 

In this paragraph, some advantages of Raman approach in silicon nanocrystals with respect to 
silicon are theoretically and experimentally demonstrated. In order to provide theoretical basis 
for these results, phonon confinement model is briefly introduced. After that, according to this 
model, we discuss two significant improvements of this approach: the broadening of Raman 
scattering and the tuning of Stokes shift in Si-nc with respect to silicon. 

When the size of the particle reduce to the order of nm, the wave function of optical 
phonons will non longer be a plane wave. The localization of wave function leads a 
relaxation in the selection rule of wave vector conservation. Not only the phonons with zero 
wave vector q=0, but also those with q>0 take part in the Raman scattering process, 
resulting in the red shift of the peak position and the broadening of the peak width. A 
quantitative model, developed by Campbell and Fauchet, calculates that the peak position 
mainly depends on the number of atoms included in a cluster, while the width of spectra 
depends on the shape of crystallites (Ritcher et al, 1981; Campbell & Fauchet, 1986). 

Silicon nanocrystals sample can be modelled as an assembly of quantum dots and the 
phonon confinement is three dimensional. The weight factor of the phonon wave function is 
chosen to be a Gaussian function as follows: 

  
2 2

2

8
, exp

r
W r L
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 (3) 

where L is the average size of dots. The Square of the Fourier transform is given by: 
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The first-order Raman spectrum I(ω) is thus given by: 
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where q is expressed in units of 
2

a


 and a=0.54 nm is the lattice constant of silicon, Γ is the 

natural line width for c-Si at room temperature (3.5 cm-1) and ω(q) is the dispersion relation 
for optical phonons in c-Si which can be taken according to: 
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where -1
0 520 cm  and 0 02 /q a . 

It was proved that the phonon confinement model is suitable to fit experimental results 
(Sirleto et al., 2006). 

Experimental measurements proving broadening and tuning of Raman spectra have been 
also performed (Ferrara et al., 2008). Unpolarised Raman spectra have been detected at room  
temperature in backscattering geometry using a Jobin Yvon Ramanor U-1000 double 
monochromator, equipped with a microscope Olympus BX40 for micro-Raman sampling 
and an electrically cooled Hamamatsu R943-02 photomultiplier for photon-counting 
detection. The excitation source was a Coherent Innova 70 argon ion laser, operating at 514.5 
nm wavelength. In order to prevent laser-annealing effects, the average laser power was 
about 2 mW at the sample surface. Using a 50X objective having long focal distance, the 
laser beam was focused to a diameter of few microns. Its position on the sample surface was 
monitored with a video camera. All components of the micro-Raman spectrometer were 
fixed on a vibration damped optical table. 

In Fig.3, the Raman spectra of samples of Si-nc having different size are shown. As expected 
on the basis of the phonon confinement model (Campbell & Fauchet, 1986; Ritcher at al, 
1981), the red shift and the asymmetry of the PS Raman peak increase with decreasing size 
of Si-nc.  

 

Fig. 3. Raman spectra (circles) of Si-nc samples with different size of nanocrystals. 

According to the phonon confinement model, in Fig.4 the peak width of spontaneous 
Raman emission as a function of nanocrystal size is reported. It is possible to note that the 
peak width has an inverse dependence on crystal size. Furthermore, considering silicon 
nanocrystals having crystal size of 2 nm, a significant broadening could be obtained 
(bandwidth of about 65 cm-1). 

Si-nc size 

decrease 
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Moreover, according to the same model, in Fig.5 the peak shift of spontaneous Raman 
emission as a function of nanocrystal size is reported. Also the peak shift has an inverse 
dependence on nanocrystal size. For nanocrystal of about 2 nm a peak shift of about 19 cm-1 
can be obtained. Because the width of C-band telecommunication is 146 cm-1, taking into 
account the broadening and the shift of spontaneous Raman emission, we conclude that 
more than the half of C-band could be cover considering Si-nc, without implementing the 
multi-pump scheme. 

 

Fig. 4. Calculated relationship between the Raman peak width and the nanocrystal size. 

 

Fig. 5. Calculated relationship between the Raman peak shift and the nanocrystal size. 

4. Stimulated Raman Scattering measurements  

According with the results discussed above, in this section are reported measurements of 
stimulated Raman scattering in two different sample: silicon nanocrystals embedded in Si-
rich nitride/silicon superlattice structures (SRN/Si-SLs) and silicon nanocomposities 
embedded in SiO2.  
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4.1 Experimental set-up 

In Fig. 6, the experimental setup used in order to measure SRS is shown. The pump laser is a 
CW pump-Raman laser operating at 1427 nm. The probe laser is a tunable external cavity 
diode laser (1520–1620 nm). The probe beam is split by a Y fiber optic junctions. One of the 
branches is used in order to monitor probe fluctuations. The other one and the pump laser are 
combined on a dichroic mirror and subsequently coupled to a long working distance 50X 
infrared objective in order to be focused onto the sample. The sample is mounted parallel to 
the path of the incident beam. Estimated coupling losses were about 4 dB. The transmitted 
signals from the sample are collected by a 20X microscope objective. In order to separate the 
probe from the pump, a dichroic filter and a longpass filter were used. An optically broadband 
photodetector (PD) was used to collect the probe signal. The signal from the PD is 
demodulated by a lock-in amplifier, which is externally referenced to the 180 Hz chopper. 
Each data point is averaged 1000 times before being acquired. Additionally, four measured 
values are averaged for each data point. The accuracy of measurement is ±0.1 dB. 

 

Fig. 6. Experimental setup for SRS measurements: pump-Raman laser; IRC-infra-red 
collimator; F1-bandpass filter at 1427 nm; probe: ECDLexternal cavity diode laser (tunable); 
OI-optical insulator; DF-dichroic filter; OB1 (OB2)-microscope objective lens 50X (20X); F2-
longpass filter at 1500 nm; Ch-Chopper; PD-optically-broadband photodetector; LIA-Lock-
in amplifier. Black lines represent electrical connections and wiring, green lines represent 
freespace optical beams, and magenta lines represent optical fiber. 

4.2 Samples preparation and structural characterization 

Raman amplification measurements were performed both on silicon nanocrystals embedded 
in Si-rich nitride/silicon superlattice structures (SRN/Si-SLs) and on silicon 
nanocomposities embedded in SiO2. 

SRN/Si-SLs samples were fabricated on Si substrates by radio frequency (RF) magnetron 
cosputtering from Si, and Si3N4 targets. The sputtering of the multilayer structures was 
performed in a Denton Discovery 18 confocal-target sputtering system, as described 
elsewhere (Dal Negro et al., 2008). An atomic concentration of 48% Si was measured in the 
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deposited films with energy dispersive x-ray analysis (Oxford ISIS). The multilayer 
structure has been annealed using a rapid thermal annealing furnace in N2/H2 forming gas 
(5% hydrogen) for 10 min at 800 °C. Thermal annealing resulted in a phase separation 
process leading to the nucleation of amorphous Si clusters embedded in the Si nitride layers 
(Dal Negro et al., 2008). Figure 7 shows a TEM bright-field image of our sample in cross-
section, taken using a JEOL 2010 TEM operated at 200 KV. The average amorphous Si (a-Si) 
and SRN layer thicknesses were measured to be 21nm and 26nm, respectively. The structure 
of the sample consists of 10 SRN layers and 9 amorphous Si (a-Si) layers for a total thickness 
of 450 nm. A higher magnification of a SRN layer shows the nucleation of amorphous Si 
nanocrystals marked by the arrows in the inset (panel b). The amorphous Si nanocrystals 
embedded in the Si nitride layers give rise to strong near-infrared photoluminescence with 
nanosecond decay dynamics at room temperature, as discussed in details elsewhere (Dal 
Negro et al., 2006; Dal Negro et al., 2008; Li et al., 2008). 

 

Fig. 7. (a) Cross sectional TEM bright-field micrograph of SRN/Si-SLs consisting of 10 SRN 
layers and 9 a-Si layers for a total thickness of 450 nm. (b) Higher magnification of a SRN 
layer, showing amorphous Si nanocrystals marked by arrows. 

Silicon nanocomposities sample was obtained by sol-gel technique. Si nanoparticles were 
obtained by crushing a silicon wafer and reducing their dimensions by a thermal dry 
oxidation. Afterward, an etching of the oxidized silicon nanoparticles was performed by a 
solution prepared by hydrofluoric acid and ethanol with a volumetric rate of HF:C2H5OH = 
1:1. The SiO2 sol was prepared by mixing the precursor tetraethyl orthosilicate Si(OC2H5)4 
(TEOS–Sigma–Aldrich) with the solvent (94% denaturated ethanol); an homogeneous and 
continuous film was obtained with a 0.5 M solution. Acidulated water (0.01N 
HCl:CH3COOH = 1:1) was added in a hydrolysis ratio HR = 4. Fluorescéine was used as 
surfactant. Suspension was prepared mixing 5 ml of HF:C2H5OH = 1:1 solution with silicon 
nanoparticles into 20 ml of sol–gel solution. The biggest silicon particles were eliminated 
filtering the solution by a membrane with pore radius of 0.2 mm. The deposition onto a 
glass substrate was realised by spin coating. Finally, two thermal treatment, for water and 
alcohol condensation, were performed. The thin-film so obtained has a thickness of 0.5 mm 
and its total length is 1.95 cm. The sample was observed using a JEOL JEM 2010F 
STEM/TEM operated at 200 kV. In Fig.8(a) is shown the EFTEM image in cross view: in 
white contrast the shape of a crystalline silicon nanoparticle is shown. The STEM analysis in 
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plan view configuration (Fig.8(b)) allowed us to evaluate the mean radius (49 nm) of the 
silicon dots and also the dot density (1.62X108 dots/cm2) (Nicotra et al., 2004; Spinella et al., 
2005; Nicotra et al., 2006). 

 

Fig. 8. (a) EFTEM micrograph taken at 16 eV. The white spot is a silicon nanoparticles 
embedded into the silica matrix. (b) STEM micrograph clearly detects Si nanoparticles, white 
spots, embedded into the silica matrix. 

4.3 SRS Measurements 

For both samples we carried out measures of SRS gain. In Fig. 9 and in Fig. 10 (Sirleto et al., 
2008; Sirleto et al., 2009; Ferrara et al., 2010), the maxima of the signal wavelength scans are 
plotted as a function of the effective pump power (including the pass through the filter and 
objective) for both the SRN/Si-SLs sample and the sample of silicon nanocomposities, 
respectively.  

For SRN/Si-SLs sample, the maximum signal gain obtained was 0.87 dB/cm, while in the 
case of the sample of silicon nanocomposities the maximum SRS gain obtained was 1.4 
dB/cm. Both in Fig.9 and Fig.10, the SRS gain in a float zone high purity and high resistivity 
bulk silicon is also plotted as a function of the effective pump power. All plots in Fig.9 and 
in Fig.10 show an approximately linear dependence, as expected for the gain of a Raman 
amplifier as a function of pump power. As shown in Fig.9, SRN/Si-SLs exhibits a Raman 
gain significantly greater than bulk silicon. Although the estimation of the gain coefficient g 
is not straightforward due to the uncertainty in the effective focal volume inside the sample, 
our data clearly demonstrate a value of g which is about four time larger than the value 
reported for silicon (Ralston & Chang, 1970) can be obtained in silicon nanostructures. 
Furthermore, our data prove a threshold power reduction of about 40% in silicon 
nanocrystals (Pth≈150 mW) with respect to silicon (Pth≈250 mW). 

Raman amplifier based on silicon nanocomposites exhibits a SRS gain significantly greater 
than bulk silicon, as shown in Fig.10. By our data, a preliminary evaluation of 
approximately a fivefold enhancement of the gain coefficient in Raman amplifier based on 
silicon nanocomposities with respect to silicon is obtained (Ralston & Chang, 1970). 
Furthermore our data prove a significant threshold power reduction (about 60%) in silicon 
nanocomposities (Pth≈100 mW) with respect to silicon (Pth≈250 mW). 
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Fig. 9. The SRS-gain (amplification of the stokes signal in dB/cm) is plotted against the 
effective pump power at the sample surface both for amorphous Si nanoclusters embedded 
in SRN-Si-SLs (□ red) and for bulk silicon (○ black). 

 

Fig. 10. The SRS gain (amplification of the stokes signal in dB/cm) is plotted against the 
effective pump power at the sample surface both for silicon nanocomposities in SiO2 (□ red) 
and for bulk silicon (○ black). 

5. Discussion of results 

It is well known that third-order non-linear effects are generally characterized by the non-

linear absorption (┚) and the non-linear refractive index (┛). The non-linear coefficients, 

namely ┚ and ┛, are described by ┙(I) = ┙0 + ┚I and n(I) = n0 + ┛I where ┙0 and n0 stand for the 

linear absorption and refractive index respectively. The ┚ and ┛ values are used to evaluate 

the imaginary (Im χ(3)) and real (Re χ(3)) parts of the third-order non-linear susceptibility, 
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respectively. We note that the real part describes the phenomena related to the intensity 

dependent index of refraction, while the imaginary part describes two photon absorption 

and SRS. 

A way to enhance the real part of cubic nonlinearities in materials is to artificially 
‘shrinking’ the electrons in regions much shorter than their natural delocalization length in 
the bulk. In such morphologies, optical resonances will usual appear, resulting from 
dielectric or quantum confinement, the former prevailing in metal nanocrystals, the latter 
prevailing in semiconductor nanocrystals. Quantum confinement occurs at a nanometer 
scale when the electron and hole envelope functions are restricted within a region whose 
spatial extension is lower than the exciton Bohr radius. This leads to quasi-discrete energy 
level structures, eventually showing sharp absorption lines. The concentration of the 
oscillator strength into these discrete levels leads to enhancement of the optical transitions 
rates and to a size-dependent nonlinear optical susceptibility (Klein, 1996). 

Non resonant nonlinearities take place when the light linear absorption is negligible (at 
frequencies well below the absorption edge). They are related to the anharmonic motion (or 
virtual excitations) of bound electrons, and are very fast: typical recovery times are of the 
order of picoseconds. For χ(3) based nonlinear devices, an enhancement of the real part  
of the third order nonlinear susceptibility in silicon nanostructure, due to quantum 
confinement, in the transparency range has been proved (Hernández et al., 2008). It is 
important to point out that the imaginary part of third order susceptibility of the 
nanostructured/nanocomposite materials, relating to the Raman gain coefficient, has been 
never theoretically investigated before. However,  an enhancement of imaginary part of 
third order nonlinear susceptibility is expected.  

In order to get Raman laser or amplifier in silicon, the main difficult was due to the presence 
of TPA, which reduces the efficiency of SRS. Taking advantage of Si-nc optical properties, 
we explore the possibility to reduce TPA and, at the same time, to enhance SRS. 

It is well known that TPA process vanishes for ħω <1/2 Eg , ħω being the photon energy and  
the band-gap. In Si-nc, due to quantum confinement, an increase of the band-gap with 
respect to the silicon is obtained. Reducing the dot (wires) dimensions, the band-gap 
increases. Therefore, considering a suitable size of the dot for which the relation  is satisfied, 
the reduction of TPA is obtained (Lettieri & Maddalena, 2002). 

In recent years, there is a strong interest in investigation of Raman scattering in electrons-
confined and photons-confined materials. The phenomenon of strong resonant and local 
enhancement of visible electromagnetic (EM) radiation when incident on the surface of 
metallic particles and films resulting from surface plasmon resonances continues to attract 
significant attention for fundamental and applied interests (Kawata et al., 2009). However, 
the possibility of enhancement of EM radiation from semiconducting and insulating 
materials, particularly in silicon, is noteworthy for silicon-based optoelectronic applications 
owing to the potential for monolithically integrating photonic technology and 
semiconductor electronics. 

In the following discussion, we distinguish between Si-nc and silicon nanocomposities, 
because in the former (silicon nanocrystals) the mean radius of silicon dots was less than in 
the latter (low dimensional silicon). The different size of the particles corresponds to a 
fundamental difference between the two experiments reported in this chapter. Concerning 
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stimulated Raman scattering in silicon nanostructures (SRN/Si-SLs), being the particle 
dimension of about 2 nm, the phonon confinement effect is significant; therefore, we suggest 
that enhancement explanation has to be sought out in the framework of matter confinement 
and related to the enhancement of the third order nonlinear susceptibility in small Si 
clusters (approximately 2nm in diameter) that nucleate in a high density inside silicon-rich 
nitride materials. However, the structure of the SRN/Si interfaces, the stoichiometric 
material disorder, and the cluster dimensionality are also important parameters that are 
expected to significantly influence Raman amplification, a theoretical understanding of their 
respective roles remains to be established. 

Concerning stimulated Raman scattering in silicon nanocomposites in SiO2, being the 
diameter of particles dispersed in silica matrix of about 0.1 micron, the enhancement of SRS 
was due to a photons confinements effect. In order to try to explain why the presence of 
silicon particles can increase the Raman gain coefficient, we suggest two possible option. 
The former, it is well known that the nonlinear optical properties of composites material are 
characterized an “enhancement of local field” (Fischer  et al., 1995). Off resonance, the 
electric field amplitude of an incident laser beam becomes no uniformly distributed between 
the two constituents of composite and the electric field strength within the more nonlinear 
constituent will exceed the spatially averaged field strength. Therefore, the effective real 
part of third order susceptibility of the composite can exceed that of each of its constituents 
(Fischer  et al., 1995). At the same time, strong resonant Raman scattering in dielectric 
particles is obtained, when the wavelength of an incident field is commensurate with that of 
an electromagnetic eigenmode of the particle, which depends on its size and on the 
refractive indices of the particle and the surrounding medium (Murphy & Brueck, 1983). 
This enhancement can be understood by viewing the particle as a cavity whose dimensions 
determine whether or not it is in resonance with either the incident or the emitted EM waves 
or both (i. e. double resonance). The observations of an enhancement of about 100 of the 
intensity of spontaneous Raman scattering were reported in Murphy & Brueck (1983) from a 
variety of Si structures having submicrometer dimensions (x~a/┣~1), where ┣ is the 
wavelength and a is a characteristic particle dimension; for example spheres, having 
diameters of ~0.1micron, were considered. As expected, the enhanced one-phonon spectra 
reported was a Lorentzian line shape with widths comparable with that of good-quality 
bulk Si, while the exploited resonances were corresponding to electromagnetic cavity modes 
with at least one optical wavelength resonating within the particle. 

The latter, is related to the optical transport properties of complex photonics structures on 
the intermediate regime between complete order or disorder. Light waves in disordered 
materials perform a random walk, which could lead to a multiple scattering process and to a 
strong localization of dielectric field (Wiersma et al., 2005). In a binary system with 
components of refractive indices n1 and n2, the efficiency of light scattering depends on 
how these components are organized in the system, the dimensions of the components, and 
the refractive index ratio n1/n2=m. In a specific regime, light propagation can be inhibited 
due to interference and the field intensity in localized regions can be significantly larger 
than in the surroundings (Schuurmans et al., 1999). As a consequences nonlinear optical 
properties of disordered material should be enhanced. 

In our opinion the localization could play an important role on SRS and the combination of 
localization and SRS gain could be of particular interest for photonic application, where 
disordered materials could provide optical amplification via SRS. 
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6. Conclusions 

In this chapter, we experimentally investigate stimulated Raman scattering in amorphous Si 
nanocrystals and silicon nanocomposite and a number of advantages with respect to silicon 
were demonstrated. 

First, according to phonon confinement model, two significant improvement of Raman 
approach in silicon quantum dots with respect to silicon were reported: the broadening of 
spontaneous Raman emission and the tuning of the Stokes shift. Considering silicon 
quantum dots having crystal size of 2 nm, a significant broadening of about 65 cm−1 and a 
peak shift of about 19 cm−1 were obtained. Taking into account such results, more than the 
half of C-band telecommunication (width = 146 cm−1) could be covered using silicon 
quantum dots, without implementing the multi pump scheme. 

Then, we experimentally demonstrate that amorphous Si nanocrystals and silicon 
nanocomposite can provide larger Raman gain values and a significant reduction in 
threshold power with respect to bulk Si devices. 

We have two significant consequences related to our results. The first, concerning a 
fundamental point of view, the broadening of the Raman gain spectra combined with the 
present observation of enhanced Raman gain lead us to conclude that the traditional 
tradeoff between gain and bandwidth, valid in bulk materials, could be overcome in low-
dimensional materials. 

The second, concerning an applicative point of view, the possibility to enhance the Raman 
gain coefficient and to reduce two-photon absorption, at the same time, in silicon quantum 
dot was addressed. This means that the main limitation of first silicon Raman lasers could be 
overcame. Therefore, we quite optimistic believe that our experimental results can open the 
way to the fabrication of more efficient Raman lasers and amplifiers compatible with Si 
technology. 
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