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CONCLUSIONS 

 

This work concerns the realization and characterization of silicon nitride thin 

films embedding Si nanoparticles. Such material class is receiving a great deal 

of attention for the possible application in new-generation optoelectronic 

devices, both in photonics, for the prospects of monolithic integration of 

photonic layer and electronic substrate (all Si-based), and in photovoltaics (PV) 

to boost the efficiency of solar cells.  

The objectives of this thesis are: 1) to investigate convenient fabrication 

procedures in view of a straightforward application of the material in 

multilayered devices (among which, in particular, the so-called all-silicon 

tandem solar cells), 2) to improve upon the characterization techniques 

regarding this material class, and, more in prospect, 3) to possibly provide a 

proof of concept study of quantum confinement to support the implementation 

of new-generation optoelectronic devices. 

Regarding the fabrication stage, two different approaches have been followed: 

a simpler in-situ route and a procedure involving a post-deposition annealing 

step. First of all the possibility of producing Si nanoparticles in silicon nitride 

thin films in-situ has been explored, because of the undubious advantage of 

possible use of low cost substrates and straightforward implementation within 

multilayered devices. Amorphous hydrogenated silicon nitride films have been 

grown by PECVD at 300°C, using two different gas mixtures [a) silane and 

nitrogen and b) silane and ammonia diluted in nitrogen]. Series of samples with 

different stoichiometry have been realized, intentionally adopting a low growth 

rate regime, which, according to literature, would favour a non homogeneous 

material growth. All the samples show room temperature photoluminescence 

(PL) in the visible range, with a systematic shift and intensity evolution of the 

PL spectra with gradual changes in the stoichiometry of the films.  

Firstly, following the literature, this PL behavior has been ascribed to size and 

density change of silicon quantum dots spontaneously formed in the silicon 



                                                                                                                                    Conclusions 

 

 

98 

 

nitride matrix thanks to the selected growth process. When searching for 

evidence of phase separation within the material, however, EFTEM analysis 

does not show presence of Si nanoparticles. Only hints of a partial separation, 

with Si rich regions in SiNx matrix, are deduced through Raman spectroscopy. 

Based on this structural/morphological data, we have concluded that the band-

tail states model is more appropriate to explain the PL mechanism. In this case 

the luminescence is ascribed to radiative recombination of carriers that 

thermalize in the conduction and valence band tails, and the PL peak blue-

shifts because of the enlargement of the bandgap when the concentration of 

alloying N atoms is raised. However, when exciting the material with below-

gap light, peculiar PL spectra have been observed, likely because band gap 

fluctuations due to the compositional dishomogeneity come into play and PL 

from Si-rich domains is induced. In particular, we have found that both PL 

intensity and emission energy from the quasi-Si regions are increased with 

respect to amorphous Si, thanks to the spatial localization of the excited 

carriers. The peculiar PL spectra measured with below-gap excitation can be 

therefore regarded as another proof of the partial phase separation within the 

material.  

By following the in-situ fabrication path, then, we have succeeded at realizing 

only partially separated material. Meanwhile we have also explored the 

possibility of inducing complete phase separation by applying short mild 

thermal treatments. A series of subsequent annealing treatments has been 

performed at increasing temperatures in the range 500 - 1100°C on Si-rich 

samples with different stoichiometry. In particular, short (≤ 10 minutes) post-

deposition annealing treatments up to 1050°C have been applied using a rapid 

thermal annealing furnace in nitrogen flow. A more conventional final 

annealing step (1100°C for 1 hour) in nitrogen atmosphere in a quartz tube 

furnace has been also performed. The evolution of Raman spectra, room 

temperature photoluminescence, and optical absorption of the samples has been 

investigated, searching for evidence of thermally induced effects, such as phase 

separation and nanoparticle crystallization within the material. 



                                                                                                                                    Conclusions 

 

 

99 

 

Through FTIR analysis, hydrogen desorption and bond rearrangement have 

been observed, with the  organization of a silicon phase (not directly detectable 

in infrared absorption measurements) in a matrix evolving toward 

stoichiometric ratio. Dehydrogenation and rearrangement of bonds explain the 

evolution of the absorption coefficient spectra with the annealing treatments 

(decreasing bandgap and gradually more absorbent material). Interestingly, an 

inversion in this systematic evolution of the optical absorption curves has been 

observed in the medium energy range (~ 2.3 - 4 eV) after the final step at 

1100°C. This is a signal of crystallization occurring within the material, as 

crystalline Si is less absorbent than amorphous Si in this energy range. 

Aggregation of Si nanocrytals after the final annealing step has been indeed 

confirmed by EFTEM, with average particle size scaling with the Si content in 

the starting material. Formation of amorphous Si nanoparticles (not easy to 

identify through the analysis of the evolution of the absorption coefficient 

spectra) has been instead revealed by EFTEM after the previous rapid (10 

minutes) annealing step at 1050°C. Therefore, rather high annealing 

temperatures seem to be necessary to induce complete phase separation. 

However rapid treatments might be already appropriate to produce at least 

amorphous Si nanoparticles.  

As for our goal of providing a proof of concept study of quantum confinement, 

we have observed a strong quenching of the photoluminescence with the 

annealing steps above 800°C, probably due to the creation of a large amount of 

non-radiative defects, not passivated by hydrogen anymore after the material 

dehydrogenation. In this condition it has not been possible to study quantum 

confinement effects through PL.  

In view of improving upon the characterization techniques, we have focused 

particularly on Raman spectroscopy and proved its significant potentialities 

when investigating nanostructured Si and in particular Si nanoparticles 

embedded in silicon nitride (where fundamental and overtone spectra are 

influenced by Si-N vibrational modes). Studying the first-order spectra in 

presence of Si nanocrystals, we have shown that with a model description (a 

Gaussian phonon confinement model including normal size distribution) it is 
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possible to access information regarding mean radius (quantitatively), size 

dispersion, and crystalline phase fraction (indicatively) consistent with the 

fundamental data derived from time-consuming and destructive TEM. 

Moreover, a resonance phenomenon has been observed for samples with 

amorphous Si nanoparticles and a strongly enhanced two-phonon band has 

been detected in several cases (after annealing at 1050°C and 1100°C). We 

have been able to conclude that the occurrence of a resonance can be one way 

to establish the presence of amorphous Si nanoparticles with appropriate size 

within the material, and that precious information on the physics at the 

nanoscale (the electron-phonon coupling in this case) can be extracted from 

second-order spectra. 

In conclusion, by applying post deposition annealing treatments we have 

succeeded at fabricating silicon nitride thin films with Si nanoparticles (both 

amorphous and crystalline). Rather high temperatures were necessary, but the 

procedure still guarantees full CMOS compatibility with microelectronics 

processing and possible implementation in c-Si based PV devices. The 

characterization analysis has provided 1) some insight into the correlation 

between structural and optical properties and 2) an improvement upon the 

characterization techniques of low-dimensional silicon also through non-

destructive and faster techniques than TEM. Of course, further research is still 

needed if the successful implementation of these material systems into a device 

is to be achieved. 
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