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Abstract—The reduction in size to nanoscale sizes not only allows to improve the performance but also to bestow 
new properties to materials; this is what justifies the growing interest in this type of materials such as the silicon 
nanocrystals that are fully compatible with existing technologies we can expect to see an explosion of applications 
based radically on the silicon nanocrystals in disciplines such as biology, mechanics, electronics… The specificity of 
nc-Si resides essentially in the influence of their size and their shape. However, the n-Si must have controlled 
properties, both from the point of view of a single particle or of a set of interacting particles in an amorphous matrix.  
Thus, it is of great technological and scientific interest to know the physical and chemical properties of Si nanocrystals, 
different methods of nc-Si production, the methods of their characterization and their applications in microelectronics, 
optoelectronics and biophotonics.  

Index Terms—Silicon nanocrystals, Synthesis, properties, and applications in in microelectronics, optoelectronics, 
biophotonics.  

  ——————————      —————————— 

1 INTRODUCTION 
The bulk crystalline silicon is today the most 

widely used in the microelectronics and 

photovoltaic industry material. Indeed, 

miniaturization the IC components, the increase in 

their operating speed, as well as the decrease of the 

transistors production costs and other elements of 

the microelectronics over the years are 

unprecedented in the history of mankind. 

According to Intel Company during the forty 

recent years, the number of integrated transistors 

contained in the various processors manufactured 

is increased exponentially, which mean that the 

number of transistors per processor double 

approximately every 18 months, according to 

Moore's Law, set out in 1965 by the co-founder of 

the firm Intel, Gordon E. Moore [1]. The 

assessment, entitled International Technology 

Roadmap for Semiconductors (ITRS), updated 

annually by many actors semiconductor industry 

[2], identifies many obstacles that will face the IC 

manufacturers in coming years. In particular, the 

interconnections in integrated circuits [3] and no 

solutions available by using the current technology 

especially that the growth of total length of 2010, 

will reach the astronomical value of 2000 m /cm2 

(and 4000 m/cm2 in 2015) one possible solution to 

overcome this problem is the use of the optical 

interconnects. In recent years, reducing the size of 

the Si nanoscale brought new capabilities that 

allowed numerous applications in optoelectronics 

based on (nc-Si) silicon nanocrystals such as the 

optical interconnection [4], non volatile memory 

[5], and Third Generation Photovoltaic Solar Cells. 

[6] This research field generated a very strong 

passion for research in the last ten 

years. According to the Google ScholarTM the 

number of publications related to nc-Si is 122,000 

articles published between 1990 and 2016. [7] In 

particular, nanocomposite materials with Si-nc 

embedded in an amorphous dielectric matrix have 

been a significant number of publications. Three 

application areas driving these studies: optical 
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systems that rely on the emission properties of nc-

Si in the visible and at room temperature, non-

volatile memories interested in electric charging 

properties of nc -Si, and photovoltaic systems such 

as multi-junction Si-nc cells based on quantum 

confinement phenomena in nc-Si. [8] 

The manufacture of silicon nanostructures is fully 

compatible with existing technologies. However, to 

be successfully integrated into the opto- and 

microelectronic devices, the n-Si must have 

controlled properties, both from the point of view 

of a single particle as a set of interacting particles 

in an amorphous matrix. A particle can be 

represented in a simple way from its volume and 

its surface whose properties are distinct. Indeed, 

with the reduction in the size of the 

nanostructures, the surface/volume ratio increases 

drastically and surface phenomena become more 

pronounced. In other words, the physicochemical 

properties of nc-Si are strongly influenced by the 

nature of the surface and interfaces. [9] 

Up to now the origin of light emission from nc-Si is 

still a big debate between scientists. Many studies 

focus on the impact properties of nc-Si without 

considering the influence of the surrounding 

matrix. Nevertheless, many parameters such as the 

chemical nature of the latter, the concentration and 

type of defects, mechanical stresses imposed by the 

network can influence profoundly the 

optoelectronic properties of the material at the 

microscopic and macroscopic scale. It is therefore 

essential to have a better understanding of these 

phenomena. 

In this spirit, this work is devoted to review 

techniques used for the fabrication of silicon 

nanocrystals, the origin of luminescence of nc-Si, 

and their application in optoelectronics. 

A remind of the basic properties of silicon will be 

of great importance to understand well the silicon 

nanocrystals properties.  

2 PHYSICAL PROPERTIES OF SILICON 
Silicon is, on Earth, the most abundant element 

after oxygen; we estimates that the Earth's surface 

is composed about 26% of silicon. [10] This 

tetravalent metalloid, has an atomic number of 14, 

and an atomic mass of 28.0855 u.a, and has the 

diamond crystal structure which is the 

combination of two face centered cubic structures 

having an offset of a quarter of the length of the 

diagonal from each other along the diagonal of the 

cube with a lattice parameter a = 5.43 Å to the 

room temperature, each atom has four nearest 

neighbors. Table 1; summarizes the main 

properties physical Si. The analysis of the band 

structure of the semiconductor material reveals an 

indirect band gap (or indirect gap) width Eg equal 

to 1.12 eV at room temperature, as shown in Figure 

1. Also, the pairs of recombination electron-hole in 

the crystalline silicon requires the presence of a 

phonon, which makes it unlikely, and the 

estimated recombination rate is about 102 s-1, 

compared to 2x107 s-1 in gallium arsenide (GaAs) 

that has  a direct gap. [11] Thus the lifetime of 

radiation corresponding to recombinations is of the 

order of a millisecond for the Si and nanosecond 

only for GaAs. This is reflected directly in the 

luminescence efficiency, which is only 10-4 to 10-5 

for the crystalline Si, compared to 10-1 for a direct 

gap semiconductor. [12] 
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Table 1: Principals physical properties of 

crystalline silicon. 

 

Figure 1: Silicon band structure in the directions 

X(100) and L(111). 

3 SILICON NANOCRYSTALS 
One can then understand why the choice of bulk Si 

for obtaining sources effective light for 

applications in optoelectronics was never 

considered seriously. Moreover, it is certainly the 

same reasons that hindered for many years the 

development of photonics based on silicon while 

the progress of the same material in the field of 

microelectronics was very successful.  The 

prospects around silicon as a light source has 

drastically changed in 1990 after Canham [8] 

discovered the intense photoluminescent emission 

(PL) in the visible range produced by an etched Si 

substrate. The wavelength of this emitted light 

could sweep the spectral range of the visible by 

simply changing the anodizing conditions and that 

the luminescence efficiency could reach 10% in the 

most favorable case. The various analyzes have 

shown that the luminescence originated from the 

etched layer that consist of an interposed network 

of "columns" of Si and pores which gave its name 

to silicon porous (p-Si). In fact, at the microscopic 

level, the p-Si consists of small crystallites 

(typically a few nanometers in diameter) of varied 

shape corresponding to Si- nanocrystals. The first 

publications on the subject, suggested that when 

the crystals dimension are reduced to nanoscale 

size, they then become good light emitters under 

the action of an optical excitation [13, 14], or 

electrical excitation (electroluminescence) [15, 16]. 

In fact, the reduced dimensions of the crystal 

structure of bulk Si to nanoscale will cause very 

significant changes in their optoelectronic 

properties. To better understand these effects it is 

useful to recall some concepts of quantum 

mechanics for a confined system. In general a 

confined system is one in which a particle (an 

electron for example) is localized in a potential 

well, surrounded by infinite potential barriers. 

Confinement effects will be present when the size 

of the confinement will be of the order of the 

spatial extension of the wave function of the 

particle. In a confined system, the energy of 

electronic states increases with the confinement 

condition. The result therefore is a discretization of 

the energy forming the energy levels of system 

represented by the following expression: 

http://www.ijser.org/


International Journal of Scientific & Engineering Research, Volume 7, Issue 12, December-2016                                                           1501 
ISSN 2229-5518 

IJSER © 2016 
http://www.ijser.org 

𝐸𝐸𝑛𝑛 = 𝑛𝑛2𝜋𝜋2ℎ2

2𝑚𝑚𝑅𝑅2    (1) 

where m = mass of the particle, R is the width of 

the well. 

The effects of confinement for a nanocrystal 

semiconductor is the widening of the bandgap and 

an increase in the probability of irradiative 

transitions and this become significant when the 

magnitude of the Bohr radius of the exciton and 

the radius of the nanocrystal (R) become 

comparable.  

For the case of silicon, Xia et al. [18] and Yoffe et al. 

[19] found that when the radius of the nc-Si 

approaches the 5 nm the effects of a strong 

quantum confinement of carriers begin to appear. 

Up to now many works are published on the 

electronic states calculation within nc-Si. A 

summary for these calculations was published by 

John et al. and Singh et al. in 1995 [20]. 

4 METHODS FOR NC-SI SYNTHESIS 
The discovery of the visible luminescence from p-

Si discussed in the previous section caused a 

particular interest to find other methods than 

chemical etching to obtain nc-Si. Among these 

methods which may be mentioned includes: Ion 

implantation of Si ions in host matrices [21], the 

chemical deposition vapor phase of layers of non-

stoichiometric oxide SiOx (1 <x <2) (LPCVD) [22], 

the reactive sputtering of a Si substrate in an 

oxidizing atmosphere to form the layer non-

stoichiometric oxide (sputtering) [23], laser 

ablation of a Si substrate [24], the attack a Si 

substrate by electrical impulses (spark method) 

[25], the deposition of clusters by decomposition of 

silane gas [26] or the recrystallization of 

amorphous silicon layers. [27] 

 

4.1 Ion implantation 
Among the fabrication methods of nc-Si we find 

the ion implantation that is considered as one of 

the most promising because it’s compatible 100% 

with the technological process of the current 

microelectronics. The main advantage of this 

technology compared to the etching method to 

obtain p-Si is the high thermal and chemical 

stability of nanostructures since they are 

surrounded by a passivating host matrix. 

Figure 2: HRTEM image for the nc-Si embedded in 

SiO2 matrix. [17] 

The nc-Si obtained by ion implantation process are 

of good quality as shown in the image in Figure 2 

obtained by (HRTEM) of a nanocrystal immersed 

in a 40 nm thick SiO2 layer. The nc-Si diameter is 

less than 5 nm as shown by the circled area.  [17, 

21, 28]. The process begins with an ion 

implantation of Si+ in a layer of SiO2 previously 

deposited thermally on a substrate. The process is 
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then followed by an annealing at temperatures 

above 900 °C and for 100 minutes in a mixture of 

nitrogen and hydrogen atmosphere [29] to ensure 

at the same time a good demixing of phases of the 

system Si/SiO2 and passivation of defects created 

in the matrix when implanted. 

The nc-Si density, their average size and its 

dispersion is determined by a number of factors, 

and the most important are the initial level of 

supersaturation of Si in the implanted matrix and 

the subsequent thermal annealing conditions. 

While these factors can explain rather adequate 

changes in the population of nanocrystals, another 

very important factor also plays a role in 

modifying the nc-Si population is the annealing 

atmosphere. In 1996, Wendler et al. [30] published 

a study on the influence of heat treatment 

conditions on silicon nanocrystals. He found that 

under oxidizing atmosphere, the oxidation front 

advances from the surface toward the maximum 

concentration of precipitates (Figure 3a), which 

causes obviously a reduction in the concentration 

of excess Si within the implanted matrix. However, 

when the annealing is under a non-oxidizing 

atmosphere (Figure 3b) only a slight surface 

oxidation occurs of the implanted layer and 

accompanied with a simple redistribution of Si 

atoms in excess. Thus, according to this study, it is 

generally considered that the facts the annealing in 

an oxidizing atmosphere after the formation of 

silicon nanocrystals will reduce the number of 

excess silicon in the matrix and therefore reducing 

both the size and density of the nc-Si 

agglomeration. 

 

 

 

 

 

 

 

 

 

Figure 3: Comparison between implantation 

profiles for annealing a) oxidant atmosphere and 

b) non-oxidant one. [30] 

 

In contrast, the annealing under nitrogen modify 

only the size of the nanocrystals (Ostwald 

ripening) [31] without significantly modifying their 

density. 

Several studies have shown that passivation with 

hydrogen at temperatures around 500 °C increases 

the intensity of the luminescence of nc-Si by about 

a factor of 10. [32] The weakness of the 

luminescence before passivation is attributed to 

defects in the form of pendant bonds in the 

nanocrystal or their interface with SiO2. Indeed, 

such defects are non-radiative recombination sites. 

[33] The energy is then emitted as phonons rather 

than contributing to the PL. During the passivation 

process, hydrogen diffuses into the sample and 

(a) 

(b) 
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acts on the pendants links, preventing such signal 

losses. 

In summary, ion implantation allows for proper 

control of size distribution of nc-Si with sometimes 

comparable luminescence yields to those obtained 

on p-Si. 

4.2 LPCVD  

The LPCVD technique is one way of chemical 

deposition in vapor phase and it’s among the most 

used techniques for the production of devices such 

as MOSFETs, thin film transistors or solar cells. In 

1996, Nakajima et al. [22, 34] were among the first 

to apply this technique for the development of nc-

Si. Two main methods can be identified for 

obtaining the silicon nanocrystals using this 

technique: 

      4.2.1 Deposited silicon nanocrystals: 

This method consists in making a deposit of nc-Si 

on an insulating layer (SiO2 or Si3N4) from the 

thermal decomposition of pure silane (SiH4) at a 

temperature of around 600°C, the chemical 

reactions that govern the growth of silicon 

nanocrystals are described by the following 

equations: 

SiH4(g) → SiH4(s) → S(s) + 2H2(g)                            

(2) 

SiH4(g) → SiH2 (s) + 2H2 (g) → Si (s) + 2H2 (g)      

(3) 

In the range of low pressures, adsorption and 

dissociation of SiH4 on the surface (equation 1) 

predominate and the role of radical SiH2 resulting 

from pyrolysis of SiH4 (equation 2) is negligible. A 

descriptive scheme of this method is shown in 

figure 4 a) as well as a typical SEM image of the nc-

Si in b). The concentration of the silicon 

nanocrystals, their size and their dispersion 

depend mainly on the temperature of the deposit 

and the silane pressure in the chamber. 

 

 

 

 

 

Figure 4: a) sketch of the process of nc-Si 

deposition b) image of nc-Si islets [35] 

      4.2.2 Precipitated silicon nanocrystals: 

This second method was widely studied by 

Hitchman et al. [36] and consist to obtain nc-Si by 

precipitation of Si atoms in excess in a non-

stoichiometric oxide layer (SiOx, x<2). The reaction 

of SiH4 and N2O at the surface of the thermal SiO2 

layer causes the formation of a non-stoichiometric 

oxide layer (SiOx, x<2) rich in silicon, this layer is 

then annealed to separate the SiOx phase to Si and 

SiO2 giving as a final result the formation of nc-Si 

by precipitation as shown in the figure 5. 

In this case the concentration of the nanocrystals, 

their size and their dispersion depend on the ration 

of N2O/SiH4, the temperature, and the subsequent 

thermal annealing. The main advantage of this 

(a) 

(b) 
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technique is the high chemical and thermal 

stability obtained by the passivation provided by  

the surrounding matrix (SiO2). The LPCVD 

technique allows a better control of the size 

distribution of the crystallites similar to the ion 

implantation but the reported luminescence 

efficiencies are significantly lower than those 

observed on the p-Si or nc-Si obtained by ion 

implantation. 

Figure 5: Diagram for obtaining nc-Si by 

precipitation in oxide layer by LPCVD. TEM image 

in plan view to determine the size and the 

distribution of nc-Si. [36] 

4.3 Sputtering 

This technique consists to use a magnet 

(Magnetron) placed behind the deposition source 

(target) that is negatively biased. The magnetic 

field generated by the magnetron will cause the 

formation of a closed annular field lines at the 

target surface thereby increasing the product of the 

ionization probability of the sputtering reaction in 

the confinement zone as illustrated in Figure 6. [23] 

To obtain the nc-Si using this technique, one can 

use two methods. The first method (co-sputtering) 

involves the use of two targets (SiO2 substrate + Si 

substrate) placed in the same room with a Si 

substrate under argon atmosphere. The second 

method (reactive sputtering) involves the use of a 

single target (Si substrate) placed in the same room 

with the substrate under Ar/O2. In both cases we 

obtain a non-stoichiometric oxide SiOx (1 <x <2) 

layer on the Si substrate, which is then annealed to 

precipitate the silicon nanocrystals. 

In this technique, the control of the size 

distribution of nc-Si is rather poor and the 

luminescence efficiency is also significantly lower 

than that of p-Si. 

Figure 6 - Operation Principle of the spray system. 

[23] 

4.4 Laser ablation (PLD) 

The silicon nanocrystals are obtained through 

condensation of the material resulting from laser 

ablation in a jet of high gas pressure. [24, 37] The 

size distribution depends on the pressure, the 

nature of the gas and the power of the laser 

excitation. A classic picture of the PLD deposition 

chamber is illustrated in the figure 7. 

 

 

http://www.ijser.org/


International Journal of Scientific & Engineering Research, Volume 7, Issue 12, December-2016                                                           1505 
ISSN 2229-5518 

IJSER © 2016 
http://www.ijser.org 

 

 

Figure 7: Schematic of PLD system 

The process begins with a laser that focus a spot 

with an angle of 45° on a rotatable target, and then 

the deposit is collected on a substrate previously 

placed of preference perpendicularly to the target 

with a typical distance of 30 mm. The duration of 

the deposition is controlled by the number of the 

laser pulses. This technique allows a better control 

of the size distribution of the nc-Si but the yield of 

luminescence is lower than the obtained one with 

p-Si. 

4.5 Spark process 

The production of nc-Si by this technique is 

relatively simple and the structure of the layer is 

very similar to that obtained by etching the silicon 

substrate (p-Si). [25] The setup of this technique 

comprises a typical electrode placed at a distance 

of 1 mm from the silicon substrate that applies for 

a specified time a certain amount of electric pulses 

with high-frequency (a few kHz) and high voltage 

(several kV) which causes the formation of a layer 

whose appearance and structure are very similar to 

those of p-Si. In this technique the size distribution 

is very uncertain and difficult to control and the 

luminescence efficiency is rather poor compared to 

p-Si. 

 

4.6 Recrystallization of amorphous Si 

This technique first start by depositing a layer of 

amorphous (a-Si) on an SiO2 substrate by 

sputtering or PECVD followed by a rapid thermal 

annealing (RTA) at a temperature between 800 and 

900°C for coalescing the nc-Si.  [27, 38] Another 

annealing is necessary in oven with a constant 

temperature ramp of ~10K/min between 600 and 

1050°C to relax the stresses between the two 

phases nc-Si/SiO2 and to improve the 

agglomerated silicon nanocrystals. Just to mention 

that the amorphous layer recrystallization happens 

in a typically 60s or lower with the RTA annealing. 

Furthermore, the thermal recrystallization is 

controlled by various factors such as the 

temperatures of annealing by RTA and the 

temperature ramp speed of the post-annealing. 

This technique produces size distributions 

relatively easy to control but is limited on the 

minimum size of nc-Si (~ 2.5 nm) due to the stress. 

The obtained luminescence yields from nc-Si 

obtained by this method are rather low compared 

to the one obtained from p-Si. 

By comparing the different techniques presented in 

this section, we conclude that the ion implantation 

and LPCVD show a very clear advantage over 

other techniques, particularly in terms of degree of 

control of the size distribution of the nc-Si and the 

luminescence efficiency obtained on the 

nanostructures. Moreover these two techniques are 

particularly compatibility with the technological 

methods of the current microelectronics. 

5 ORIGIN OF LUMINESCENCE OF NC-SI 
The luminescent properties of nc-Si are the great 

interest of the scientific community and their 

origin caused an intense debate among researchers 

so, many theories and models were proposed to 

date. In fact, it will be beneficial to expose the 

origin of luminescence of silicon nanocrystals 

through the suggested models.  
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In General, the luminescence in most of nc-Si is 

characterized by: 

- Broad emission spectrum (200-300meV). 

- Long time decay for the luminescence (∼µs 

at RT and ∼ms a low temperature) with a 

multi-exponential character. 

- Abnormal behavior of PL versus 

temperature with a maximum around 

100K. 

- Existence of TO and TA signals in the 

resonant PL spectrum for silicon 

nanocrystals passivated with hydrogen. 

- Energy shift between absorption and 

emission (stocks shift) that can reach ∼1 

eV. 

- Loss of energy intensity and position of PL 

signal in IR and red range for silicon 

nancrystals annealed under oxygen 

atmosphere. 

Thus, an acceptable model should be able to 

explain all these features convincingly. Most 

models made up to date can be classified in 6 

major groups [39-41] summarized in the 

Figure 8. But no studies have clearly 

demonstrated the dominance of one of these 

particular processes in observed PL spectra. 

Figure 8: Illustration of the 6 models proposed for 

the origin of luminescence in nc-Si: a) Quantum 

Confinement, b) hydrogenated amorphous silicon, 

c) surface Hydrides d) Defects in SiO2, e) siloxane 

and f) interface states. 

A brief explanation for each model is given in the 

following sections to highlight its strengths and 

weaknesses for luminescence in nc-Si. 

5.1 Quantum confinement model 

This model was proposed first in 1900 by Canham 

et al. [8] to explain the visible photoluminescence of 

p-Si and in 1997 Estes et al. [42] provided the first 

experimental evidence in its favor. According to 

this model the reduction in size of the lattice causes 

a quantum confinement of carriers and this 

confinement increases the energy gap which can 

break the rule of selection of the vector of wave k 

allowing the optical transitions without the 

intervention of phonons. 

For example, the confinement in one dimension 

(that produces a 2D structure called potential well 

structure of thickness L) of an exciton produced a 

band gap εg
∗ : 

𝜀𝜀𝑔𝑔∗ = 𝐸𝐸𝑔𝑔 + 1
𝐿𝐿2 �

1
𝑚𝑚𝑒𝑒

2 + 1
𝑚𝑚ℎ

2�
ℎ2𝜋𝜋2

2
  (4) 

Where, me and mh are respectively the effective 

masses of the electron and the hole forming the 

exciton and Eg is the width of the band gap of the 

semiconductor. [11] Furthermore, this confinement 

of charged carriers causes a "relaxation" of the  

conservation rule of momentum, which requires in 

particular case of a semiconductor with indirect 

gap, such as silicon, where a phonon participate in 

recombination of a electron-hole pair. In fact, the 
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confinement in the space of the pair of electron-

hole emphasizes its spatial location, which, under 

the principle of uncertainty (Δx ⋅Δk ≥1/ 2) results in 

a broadening of the accessible values of wave 

number k. Thus, the quantum confinement 

promotes the excitons recombination within nc-Si 

relative to the case of crystalline Si. 

When a radiative recombination occurs, the energy 

emitted in the form of a photon Eph  is given by: 

𝐸𝐸𝑝𝑝ℎ = 𝐸𝐸𝑔𝑔 − 𝐸𝐸𝑏𝑏 + ∆𝐸𝐸        (5) 

where Eg is the gap energy of the crystalline 

material, Eb is the binding energy of exciton, et ∆E 

is the increase in energy of the gap due to the 

quantum confinement.  

According to the simple theory of the effective 

mass, ∆E is connected to diameter of nc-Si by the 

equation: 

∆𝐸𝐸 = 𝑐𝑐
𝑑𝑑2                     (6) 

where c is an appropriate constant and d is the 

diameter of the nc-Si. A model describing the 

spectral emission distribution of a set of nc-Si as 

function ∆E  was developedin 1996 by Chen et al. 

[43]. In this model, we consider the PL emitted by a 

set of nc-Si with diameters following a Gaussian 

distribution P(∆E) with average do and standard 

deviation σ. then the emission probability as a 

function of gap increasing P (∆E) is: 

𝑃𝑃(∆𝐸𝐸) = 𝐾𝐾
∆𝐸𝐸3 𝑒𝑒𝑒𝑒𝑒𝑒 �−

1
2
�𝑑𝑑𝑜𝑜
𝜎𝜎
�

2
��∆𝐸𝐸𝑜𝑜

∆𝐸𝐸
�

1
2� − 1�

2

�       (7) 

where K is the normalization constant. Thus, using 

(5) and (7), it becomes possible to predict the PL 

emission spectrum P(σ) of the Gaussian 

distribution of nc-Si with a known average 

diameter do and standard deviation σ. (see figure 

9) The typical value of Eb is 0.08 eV, although it 

was estimated that it depends exponentially on the 

nc-Si, diameter from 0.05 eV (d = 10 nm) to 0.24 eV 

(d = 2 nm). [44] 

 

Figure 9: Comparison between the experimental 

(dashed line) and theoretical (solid line) for PL 

intensities in arbitrary units as a function of the 

wavelength. The vertical line shows the position of 

the theoretical PL peak with σ = 0 A. [43]  

To explain the multi-exponential decay time of the 

photoluminescence, the quantum confinement 

model postulates that a wide variety of sizes and 

nanocrystals of different forms (and therefore with 

different oscillator strengths) emit at considered 

special energy. Furthermore, from the Figure 10 is 

considered that the time decline of the 

luminescence consists in two different lifetimes 

(singlet and triplet lifetime) according to the states 

of the excitons. Thus, while on one side the life 

time of the singlet state (σs) is of order of 
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microseconds which coincides with the theoretical 

predictions [45] and decreases with the size of the 

nanocrystals, the lifetime of the triplet state (σt) is 

of the order of ms. In principle it should be infinite 

but it becomes weak due to the interactions spin-

orbit of the electrons that mix a portion of the 

singlet character of the triplet. 

Moreover, to explain the unusual behavior of the 

photoluminescence as function of temperature, the 

model assumes that the optical absorption takes 

place preferentially in the singlet state rather than 

in the triplet state. Thus, at low temperatures when 

the thermal energy of carriers is very low 

compared to the energy of separation of the 

exciton states, the photogenerated carriers in the 

singlet state will relax to the triplet state by 

recombining with a longer life time (~ ms) and 

therefore a lower photoluminescence intensity. 

 

 

 

Figure 10: Scheme of separation of the exciton in 

Singlet and Triplet states. 

This model explains adequately the most emission 

characteristics for nc-Si such the width of the 

spectrum, the long time of recombination, the 

behavior of the photoluminescence with 

temperature as well as the existence of signatures 

of TO and TA phonons in resonant 

photoluminescence spectrum. However it cannot 

explain appropriately the huge Stokes shift and the 

quasi-independent of energy position to the 

nanocrystals size for diameters less than 3 nm after 

annealing in oxygen. 

5.2 Hydrogenated amorphous silicon model 

This model was proposed by Sebille et al. [46] by 

considering the origin of photoluminescence comes 

from the hydrogenated and disordered phase 

created during the fabrication process of nc-Si. In 

fact, The model explains the luminescence 

characteristics through extrapolation with those 

known for the visible band of the hydrogenated 

amorphous silicon [47], which allows to explain 

the particular width of the emission spectrum as 

well as the long recombination time that differs 

from a typical exponential of disordered systems. 

[48] This model is no more valid since an annealed 

sample under oxygen at temperatures 900°C or 

above does not contain hydrogen and still emit 

without any shift in the position of the 

luminescence. In addition, the model is unable to 

explain the phonons signatures and Stokes shift. 

5.3 Model surface hydrides  

This model was proposed by Prokes et al. [49] and 

considers that the molecules Si-Hx are the origin of 

the luminescence. Thus, according to the 

calculations of the band structure obtained by 

Prokes using the tight-binding method, the chain 

of polysilane (Si-H2)n may give a material with an 

gap energy Eg greater than that of crystalline Si. 

This model succeed to explain the very high loss of 

luminescence caused by hydrogen desorption on 

the surface of the p-Si freshly prepared and 

annealed. But it cannot explain the 

photoluminescence of nc-Si passivated by elements 
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other than hydrogen, and in particular those 

passivated with oxygen. 

5.4 Siloxanes Model 

This model was proposed by Brandt et al. [41] and 

suggests that only siloxane is responsible for the 

luminescence of nc-Si. It provides a possible 

explanation for the very broad luminescence 

spectrum (~ 300meV) in the visible - near infrared 

(600nm ~ 800nm), the multi-exponential decay in 

time for the PL components (order of ms at 300K) 

and the dependence of the PL intensity with 

temperature (with a maximum PL intensity located 

between 50K and 90K). However this model is 

unable to explain the persistence of the 

photoluminescence on the nc-Si subjected to 

annealing at temperatures above the critical 

temperature for decomposition of siloxanes and 

other molecules. 

 

5.5 Defects Model in SiO2 

In 1993 Sacilloti et al. [50] proposed a mechanism 

called recombination "type II "to explain the 

luminescence of nc-Si by proposing that electrons 

location before and after the radiative 

recombination is carried out in two different 

materials, especially Si and SiO2. Indeed, the gap 

of the SiO2 is in the range of 9eV, it can be so 

reasonable the existence of energy levels within the 

gap. Thus, while many of these levels will be 

located near the edge of the conduction band of Si 

others will locate near the edge of the valence 

band. So, the excited electrons from the valence 

band to the conduction band or conversely can 

thus relax non-radiatively to these sub-levels, and 

from there they can recombine radiatively.  

With this model it is possible to explain the huge 

Stokes shift for nc-Si with diameter less than 3 nm 

passivated in oxygen. But it cannot explain the 

energy blue shift of the luminescence of the p-Si 

after a simple modification of etching conditions 

also it cannot explain the phonon signatures 

observed in the resonant PL characterization of nc-

Si passivated with hydrogen and their absence on 

the nc-Si passivated with oxygen. 

 

 

5.6 Interface states Model 

The model of interface states was proposed by 

Koch et al. [51] and explained the lack of 

dependence between the size of nc-Si and the PL 

energy for various groups including the oxidized 

nc-Si. [52-54] This model uses the quantum 

confinement model that consider that the 

absorption takes place in the heart of 

nanocrystallites and that the luminescent emission 

occurs through the electronic defects which form 

states at the interface of nc-Si and the surrounding 

matrix. The main difference with the defects model 

in SiO2 lies in the assumption that the radiative 

recombinations are performed through the states 

of defects in nanocrystals and not through defects 

in the SiO2 matrix. The model establishes that the 

atoms at the surface of the silicon nanocrystals 

arrange themselves according to a local structure 

which causes variations in the length and the angle 

of Si-Si. These variations depend on the specificity 

of the local chemical composition and allow the 

formation of a series of electronic states in which 

the 
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radiative transitions take place. In the same 

context, Kanemitsu et al. [55] proposed a more 

complete model, called the 3 regions (shown in 

Figure 11) namely, the silicon nanocrystals, the 

transition layer at and the surrounding matrix of 

SiO2. 

 

 

 

 

 

 

Figure 11: Interface states Model scheme showing 

the three regions. 

The optical absorption occurs therefore within the 

nc-Si and the excitons are formed then migrate to 

the n-Si interface layer /SiO2 by a thermal process 

and are finally in this localized state of the 

radiative recombination where will take place. Just 

to mention that if the size of the nanocrystal is 

above a certain critical radius the excitons will 

remain in the nanocrystal and the recombination 

occurs inside. In contrast, if the size of nc-Si 

decreases beyond a critical radius, the excitons are 

confined in the interface region and the radiative 

recombination will take place with a lower energy 

to the energy gap of the nanocrystal. 

Moreover, according to Kanemitsu et al. the 

excitons cannot be located in a defect within the 

nc-Si because usually these defects act as 

nonradiative centers  

This model explains the most experimental 

observations of the luminescence of nc-Si such as 

the Stokes shift and the time decay of the PL 

energy. But it cannot explain the observation of 

phonons signatures on p-Si or nc-Si and also 

unable to explain the very good agreement 

between the experimental values and theoretical 

predictions of the PL energy when the nc-Si are 

passivated with hydrogen. 

 

5.7 Quantum confinement model + interface 
states 

Recently, a new model that reconciles the two 

Accepted models namely the quantum 

confinement with that of the interface states. This 

model was proposed by Wolkin et al. [56] in 1999 

and considers the role of oxygen in the 

luminescence of p-Si and highlights the importance 

of the passivating element of the surface of nc-Si. 

According to this analysis, if the surface is 

passivated under hydrogen atmosphere, the 

radiative recombination will be through the free 

excitons within nanocrystals and the PL energy 

will be equal to the excitonic gap. In this case the 

model of quantum confinement adequately 

explains the nc-Si luminescence. However, if the 

passivation is under oxygen atmosphere, the 

process is complicated since the electron is trapped 

(within a few picoseconds) in the localized states of 

the surface (caused by the Si = O) and the radiative 

recombination will give less PL energy than the 

excitonic gap. In this case the model of interface 

states is used to explain the luminescence. 

These two mechanisms were illustrated by 

Kanemitsu [57] in their recent publication in the 

figure 12. 
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Figure 12: Optical transition for nc-Si passivated a) 

with Hydrogen b) with Oxygen. [57] 

Figure 13 summarizes the results of theoretical 

calculations of the PL emission energy as a 

function of particle size for nc-Si. The grey curve 

corresponds to the first approximation of quantum 

confinement. [8] 

 

 

Figure 13: Theoretical and Experimental results of 

PL emission energy of free nc-Si as a function of 

the size from Ledoux et al. [58]  

The red and the blue curves correspond to the 

theoretical calculation for samples passivated with 

hydrogen or oxygen respectfully. It is generally 

admitted that theoretical results of H-passivated 

nc-Si evaluated by tight binding method, [59-62] 

which are in a good agreement with those 

evaluated by the pseudopotential method that are 

the most accurate. [63] In addition to the 

theoretical work, Ledoux et al. [58] showed that the 

experimental results (displayed in black open 

circles) fit well with the theoretical calculation. 

6 TECHNIQUES FOR CHARACTERIZATION OF 
SILICON NANOCRYSTALS 

The characterization of synthesized silicon 

nanocrystals is a crucial problem because the 

analysis techniques with a resolution or sensitivity 

enough for the characterization of nc-Si are 

relatively limited. The most techniques used in this 

research field such as transmission electron 

microscopy (TEM), X-ray photoelectron 

spectroscopy (XPS), photoluminescence (PL) 

spectroscopy Raman spectroscopy, infrared 

spectroscopy in Fourier transform (FTIR), 

ellipsometry spectroscopic or the X-ray diffraction 

(XRD) are universally recognized and used directly 

or indirectly to understand the various properties 

of nc-Si. 

The purpose of this section is to briefly present the 

most used techniques to analysis the nc-Si. 

6.1 Electron microscopy 

For many applications it is essential to obtain a 

direct image of the synthesized nc-Si. [64] Thus, the 

scanning electron microscopy (SEM) and 

transmission (TEM) are used for this purpose and 

provide information on the morphology, the 

arrangement and the structure of nc-Si. 

6.1.1 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) was used to 

characterize quickly and effectively the LPCVD 

deposited nc-Si. The deposited nc-Si monolayers 

are indeed not encapsulated in a matrix but left in 

the open air. The nc-Si therefore has a relief which 

allows the characterization in planar view with a 

reduced time preparation. The figure 14 shows 

SEM image that was taken by a High-resolution 

scanning electron microscope (SEM) with field-

emission electron source (Carl Zeiss Leo 1530). The 

SEM has a theoretical resolution of 1nm with an 

acceleration voltage of 20kV and can perform 

magnifications up a million times (1000 kX). 

According to the figure the size of the deposited 
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nc-Si by a conventional RF-PECVD reactor is very 

small and have a radius bellow 5 nm. [65] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: Plane-view SEM image shows that only 

regions with higher densities of silicon 

nanocrystals with dimensions of about 3–4 

nanometers. [65] 

 

6.1.2 Transmission electron microscopy (TEM) 

The transmission electron microscopy (TEM) is a 

powerful technique for the imaging the silicon 

nanocrystals. TEM works on the same principle as 

the optical microscopy with differences in the 

wavelength of the electron beam compared with 

the visible light. To allow transmission of electrons 

through the sample, the latter must first be 

prepared as a thin plate by a chemical or 

mechanical etching which makes the TEM a 

complex and difficult technique to implement. The 

various techniques of visualization used in this 

work are: 

- The high-resolution TEM (HRTEM). (see figure 

15.a) Its resolution is high and allows the 

visualization of the atomic 

planes of crystalline materials. It 

proves effectively the presence 

of nanocrystalline silicon, but only the nanocrystals 

oriented in the direction of the electron beam will 

be visible. This technique cannot measure the 

density of nc-Si in the matix. [66] 

- The energy filtered TEM (EFTEM) (see figure 

15.b) allows a chemical analysis of the sample by 

filtering the incident electron beam so, only 

electrons with a kinetic energy characteristic of a 

chemical element are used to form the image. In 

the case of silicon, the energy of plasmon is around 

16.7 eV and is around 21 eV for stoichiometric 

Si3N4 but varies with the alloys composition [66, 

67].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Images of a) HRTEM image, b) EFTEM 

image, with the plasmon peak of silicon (16.8 eV). 

[66] 

 

6.2 Infrared absorption spectroscopy (FTIR) 
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The infrared absorption spectroscopy (Fourier 

Transformed Infrared Spectroscopy (FTIR)) is a 

non-destructive technique for determining the 

nature of bonds present in a material and to 

quantify them. This technique is based on the 

interaction between infrared light and vibrational 

states of matter. When atoms bond to form a 

molecule, several modes of vibration then become 

possible. The vibration frequency of these modes 

tends to occur in the infrared spectra. Thus, each 

band of the infrared absorption spectrum 

corresponds to a vibration or rotation that is 

characteristic of the dipole, making FTIR very 

sensitive to the chemical composition of the 

analyzed materials. However, the estimation of the 

individual atomic species concentration through 

FTIR is imprecise. 

The frequency at which appears a characteristic 

absorption band of the vibration of a dipole is 

function of the mass of the atoms involved, but 

also on the nature of the vibration. Thus, for the 

same chemical group, modes of vibration appear in 

of different wavelength. Among the frequently 

encountered modes, we find the stretching, 

twisting and swaying modes shown in Figure 16. 

[68] 

Stretching mode    Twisting mode    Swaying mode 

 

Figure 16: Principal modes of dipole vibration 

(SiO2 type). [68] 

 

Figure 17 (a) FTIR spectra of the annealed sample 

at different temperatures; (b) FTIR spectrum of the 

as deposited sample. [69] 

 

In Figure 17 a) presents the evolution of FTIR 

spectra of sample at different annealing 

temperature in which we can clearly see the 

spectra features around 850, 1050, 2150, and 3350 

cm-1. The figure shows also a noticeable decrease 

with temperature for the intensity of absorption of 

bands centered at 2150 and 3350 cm-1 signature of 

Si-H and N-H bands respectively [69]. 

 

6.3 Raman spectroscopy 
Raman spectroscopy is an analytical technique, rapid 

and non-destructive, it is frequently used to 

characterize the nc-Si based on the study of the 

inelastic distribution of light interaction with a 

material. The Raman effects result from the 

vibrational transitions due to the interaction between 

photons coming from a monochromatic source of light 

and the molecules or atoms of the studied sample. A 

small amount of these photons (10-4) will be elastically 

diffused, without energy loss called the Rayleigh 

scattering and even a smaller amount (10-8) will be 

inelastically diffused with a slight loss or gain in 

energy, called Raman scattering respectively Stokes 

and anti-Stokes.  

The Raman spectrum represents the intensity of 

the scattered light depending on the difference in 

energy relative to the wavelength of the incident 

light. The Stokes Raman scattering is always more 

intense than the scattering spectrum anti-Stokes 

Raman. This method can be applied to a wide 

range of materials, gas to solid materials through 

the liquids. It is more particularly sensitive to Si-Si 
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bonds and can effectively discriminate silicon 

crystalline amorphous silicon. However, it does 

not allow detecting hydrogenated links. 

 

 

Figure 18: Stokes and anti-Stokes Raman spectra 

taken from a nc-Si:H with an average Si size of of 

3.6 nm under different laser power densities. [70] 

 

The figure 18 shows the typical Stokes and anti-

Stokes Raman spectra measured from a nc-Si:H 

(The average Si nanocrystals size is around of 3.6 

nm) for different laser power densities [70]. It can 

see clearly from the Raman spectra that the 

broadens of the asymmetrical peaks and the 

downshifts increase with laser excitation power 

compared to bulk Si, [71] which means that the 

Raman spectra of nc-Si:H are sensitive to the laser 

power density. This can be understood by the poor 

thermal conductivity of nc-Si:H  embedded in an 

amorphous matrix compared with the bulk Si.  

 

6.4 X-ray diffraction at grazing incidence 
(XRD) 
The X-ray diffraction is a non-destructive 

technique for the characterization structural 

crystalline materials. Traditionally, this technique 

is used to Study powders composed of randomly 

oriented crystals. A beam of X-ray from copper 

source Kα of a 0.15418 nm wavelength is directed 

onto the sample with an angle θ and diffracted by 

the atomic planes of the crystal structure. 

The conditions that lead to constructive 

interference are given by Bragg's law thus 

requesting the use of the X-ray diffraction at 

grazing incidence to maximize the path in the 

layer. 

When the samples consist of very small crystals 

(<100 nm), X-rays are not diffracted at discrete 

angles and Bragg diffraction peaks are broaden. 

This enlargement offers an effective method for 

estimating the size of silicon nanocrystals.  

Figure 19: (a) XRD pattern of the nc-Si:H thin films 

fabricated at 80 W. (b) the power dependent grain 

size and band gap. [72] 

 

The figure 19 a) shows the XRD measurement 

pattern of the nc-Si:H thin films fabricated by 

PECVD at 80 W. Tow peaks are present at θ = 14.1o 

and 23.7o, that correspond to the orientations of c-

Si (111) and (220), respectively. [72] The XRD peak 

intensity at (111) is very intense which indicates 

that the nanocrystallites have a preferential grown 

along the (111) direction. The average size of the 

silicon nanocrystals is calculated according to the 
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Debye-Scherrer equation [73] and is shown in the 

figure 19 b) in which the average size of the silicon 

nanocrystals increases with the powers and is 

ranging between 6.0 and 8.4 nm. 

 

 

 

6.5 Time-resolved photoluminescence 
Photoluminescence spectroscopy (PL) is a widely 

used technique to study the light emission from 

nanostructured materials. The PL is based on the 

excitation of the sample using a monochromatic 

source that excites electrons from the valence band 

to the conduction band energy levels. The photo-

excited electrons relax to the edges of the 

conduction band or to the radiative centers before 

recombining and returning to a lower energy level 

while emitting a photon. In theory, the 

photoluminescence can be used to determine the 

optical gap of a material provided that the 

excitation energy is large enough to excite an 

electron from the valence band to the conduction 

band. However, the observed photoluminescence 

may also result from defects in the layer whose 

energy levels are lower than the band edges. The 

result is then a gap between the emission energy 

and the energy of absorption threshold called 

Stokes shift. 

Since the discovery in 1990 by Canham of the 

intense luminescence from the porous silicon 

subjected to an optical excitement [8] an 

impressive number of scientific publications have 

been devoted to the PL of the nc-Si. It is generally 

found that the PL spectrum of nc-Si is between 600 

and 1000 nm (1.24 to 3.11 eV), and it has a 

substantially a Gaussian shape (slightly 

unbalanced), with a mid-height width of 200 to 300 

meV. A portion of this spectrum is in the visible 

region, and it is actually possible to see it with 

naked eye in the best conditions. Also, the energy 

difference between the excitation beam and the PL 

emission (called the Stokes shift) can easily reach 

or exceed 1eV.  

It was observed also that the intensity of the PL of 

nc-Si depend on temperature as shown in the 

figure 20, the spectra become slightly narrower and 

shift to the blue. This effect has been reported and 

explained by the model introduced by Calcott et al. 

[74] and that the oxidation of nc-Si causes a 

decrease in intensity and redshift (Low energy) of 

the PL spectrum. [56]  

 

 

 

 

 

 

Figure 20: Temperature dependence of the PL 

spectra of nc-Si embedded in SiO2 [74] 
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Figure 21: PL spectra at 300K for silicon 

nanocrystals embedded in SiO2 matrix. [75] 

The figure 21 shows different spectra 

corresponding to different sizes of silicon 

nanocrystals ranging from 2.5 to 9 nm. [75] The 

spectra were recorded at room temperature under 

an excitation at 488 nm. The band gap of the bulk 

silicon is represented by a line vertical red dotted 

line. The photoluminescence of silicon nanocrystals 

is shifted to high energies when the nanocrystals 

size decreases. This suggests that the size change 

induces a change in the energy levels of 

nanocrystals compared to bulk silicon. The full 

width at half maximum important spectra is 

mainly attributed to the size distribution of silicon 

nanocrystals. Sychugov et al. [76] were able to 

measure the photoluminescence of a single 

nanocrystal and they showed that the width at 

mid-height of it is very low (about 20 meV at 80 K). 

In terms of PL life of time is very long and is of 

order of a few microseconds at room temperature 

to a few ms at low temperatures (T ~ 2 K). [77, 78] 

Figure 22: Room temperature PL lifetimes of single 

silicon nanocrystals versus photon energy at a laser 

power density of 25 Wcm-2 [79] as well as 

theoretical calculations given by Hybertsen et al. 

[80] (red and green dashed lines, and black solid 

line, respectively) are plotted for comparison. 

The PL lifetimes of a number of single silicon 

nanocrystals are shown in the figure 22. The 

random distribution of PL lifetimes has a relatively 

broad range versus the emission energies, suggests 

a strong influence of other parameters than 

nanocrystal size, passivating molecules, 

geometrical shape, possible defect sites, and the 

recombination rate of the PL in silicon 

nanocrystals. [79] 

7 SILICON NANOCRYSTALS APPLICATIONS 

7.1 Microelectronic applications 
The steady decline in the size of integrated circuits 

for the past forty year helped to reduce drastically 

the manufacturing costs and the increase of 

performance of microelectronic systems. This 

development is based on the miniaturization of the 

microelectronic circuits: the MOS transistor. The 

Number of transistors passed from thousand to 

several million per chip and has followed the 

technological advances and Moore's Law [1], 

which predicts a doubling of the number of 

transistors in the same surface every 18 months. 

Thus, a dimension of 10 μm en 1970, for a MOS 

transistor is decreased to a size smaller than 0.1 μm 

today. If this evolution continues at the same rate, 

it will be of the order of ten nanometers in one or 

two decades. For such small sizes, some 

fundamental physical limits will be reached and 

will prevent the operation of the devices such as 

leakage by tunneling through the gate oxides, and 

fluctuating of numbers of dopants in the channel 
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…etc. It is therefore necessary to find new 

solutions to the high degree of integration in order 

to improve the existing technologies. 

7.1.1 Flash memory in silicon nanocrystals 
Flash technology is used as basic cell for MOS 

transistor having a floating gate buried in the 

middle of the gate oxide between the channel and 

the gate (Figure 23 a). A floating gate is a 

semiconductor layer insulated by a dielectric 

material. The loading/unloading of the grid is 

performed by passing electrons through the tunnel 

oxide tunneling effect (assisted by defects in the 

insulation). At rest, all the charges present in the 

floating gate are trapped, thereby to store 

information. The transistor threshold voltage is 

then proportional to the number of charges stored 

in the floating gate: it is the memory effect. To 

ensure time retention greater than 10 years, the 

thickness of the tunnel oxide must be greater than 

8 nm. So, a greater voltage of 17 V is needed to 

program the memory and thus the operation is 

limited to 105 cycles due to degradation of the 

oxide and of the effect of the hot electrons. If the 

tunnel oxide was less than 2 nm, the programming 

voltage V is reduced to 4 [81]. This would then 

reduce the power consumed by the microcontroller 

as well as the dimension of its components limited 

by the high voltage currently used. In addition, for 

a tunnel oxide layer of 2 nm, the passage of carriers 

is by done by direct tunnel effect rather than the 

process of conventional Fowler-Nordheim. [82] 

Therefore it can be expected a faster rate of 

writing/ reading and longer. So, for these Flash 

memories the challenge is to reduce the thickness 

of the tunnel oxide while maintaining a 10-years 

retention time. 

Many electrical studies on silicon nanocrystal 

memories show promising characteristics as 

candidates for future deep-submicron non-volatile 

memories (see figure 23 b). [5, 83-90] Recently, in 

2010, the first industrial flash memory based on 

silicon nanocrystals notably been achieved by 

ATMEL Corp. [91]  This flash memory was 

obtained by chemical vapor deposition (CVD) and 

using the technological processes for fine 

engraving of 90 nm to achieve about 200 

nanocrystals by bit. These new memories require 

less current for programming, and the time for 

writting is about 100 microseconds, which is ten 

times faster than the conventional Flash memories.  

Figure 23: Schematic structure of (a) a conventional 

flash memory and (b) a silicon nanocrystal 

memory. 

 

The silicon nanocrystals memories have discreet 

storage for which there storage of one or more 

electrons in each nanocrystal (depending on the 

size of the latter). The storage is carried out by 

tunnel transfer charges (Fowler-Nordheim 

tunneling, or tunnel Direct) between the 

semiconductor channel and the silicon 

nanocrystals through a the oxide tunnel as shown 

in figure 23 b). The Figure 24 shows the three 

operating modes are represented (writting, reading 

and erasing) in the case of a nanocrystal with a 

single charge. 

The operation of writing (storing an electron in a 

nanocrystal) is done by polarizing the control gate 

with a voltage equal to the threshold voltage: the 

drain current decreases and the threshold voltage 

is shifted. For reading is carried out by evaluating 

the variation of the current between the states 
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"stored electron " and "non stored electron". Finally 

for erasing the memory is performed by applying 

an equal gate voltage but opposite to the threshold 

voltage. [92] 

 

Figure 24: Different states of nanocrystal memory: 

(a) writing with an electron; (b) storing an electron; 

(c) deleting an electron (erase). [90] 

 

According to ITRS, 2007 [3], the achievable 

characteristics of memories based on silicon 

nanocrystals are: 

• Intended optimum dimensions: 18 nm 

• Optimal playing time: 2.5 ns 

• Time of writing /erasing: 1 s / 10 ms 

• Optimal retention time :> 10 years 

•Intended writing voltage> 3 V 

• Intended reading voltage 0.7 V 

Moreover, loading and erasing the memory 

directly depend on the size nanocrystals and their 

position relative to the channel. Or the perfect 

control of both parameters is not feasible 

experimentally. Therefore, if the inter-nanocrystal 

distances are low enough a coupling between 

nanocrystals occurs, which may also influence the 

memory parameters. 

 

 7.2 Optoelectronic Applications 
 7.2.1 Optical Sources 

Silicon is by far the most suitable material for 

microelectronics. It is indeed an abundant element 

and has very good electrical, thermal and 

mechanical properties. 

However, it’s a poor material for optical 

applications because of the indirect nature of the 

electronic gap. Indeed, when a pair electron-hole is 

created in the bulk silicon, the radiative 

recombinations producing 1.1 eV photon involves 

a third particle, the phonon, according to the 

conservation law of momentum as: 

ℎ𝜈𝜈𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 𝐸𝐸𝑔𝑔 + ℎ𝜈𝜈𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜        (8) 

where hνphoton  is the photon energy, Eg  the gap g 

and hνphonon  is the phonon energy. The emission of 

a photon from the interaction of three particles 

(electron-phonon-hole) is less effective as in a 

direct gap semiconductor that requires only two 

particles (hole-electron). 

The lifetime of radiative transitions that are of the 

order of 1 ms are too long compared to the lifetime 

of non-radiative transitions (of the order of 

microseconds and even of ns), which results in 

poor optical emission. To overcome this problem, 

various solutions have been proposed including 

the silicon nanocrystals that showed a great 

potential. 

In addition to widening the gap, another effect 

related to quantum confinement in silicon 

nanocrystals is the increased likelihood of optical 

transitions as shown in Figure 25. 
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Figure 25: Enlargement of the wave function of the 

charged carriers confined in the silicon and silicon 

nanocrystals. [77] 

Recent studies shows that silicon nanocrystals are 

interesting candidates as a light source for silicon 

based devices. The measurement of the optical 

gain in the silicon nanocrystals have shown that 

this could be large enough to allow optical 

amplification and possibly to obtain a laser effect 

with silicon nanocrystals. As shown in the figure 

26 that presents the first results published in nature 

journal by Pavesi et al. [93] in which net optical 

gain is seen in both waveguide and transmission 

configurations and they demonstrated that light 

amplification is possible using silicon nanocrystals 

embedded in a silicon dioxide matrix, which open 

a route to the fabrication of a silicon laser. [93, 94]  

 

Figure 26: The amplified spontaneous emission 

with a data fit. The inset shows the VSL 

experimental method. [93] 

 

7.2.2 Microphotonics silicon 
Due to the miniaturization of electronic devices, 

interconnects within integrated circuits that are 

currently made from metal lines have certain 

limitations: signal distortion, power consumption, 

and signal delay in the lines. It is therefore 

necessary to develop alternative solutions. 

Among the possible solutions, the microphotonics 

of silicon nanocrystals is a prominent way to solve 

the problem. This technique consists in 

transmitting signals in the form of photons in 

silicon-based micro-wave guides. Photonics makes 

it possible to create interconnections with 

considerable bandwidth that is not limited by the 

resistance, capacitance or stress of the metal lines. 

[95] In addition to its good optical properties, its 

low production costs and adaptability to the 

current microelectronics industry, the advantage of 

using silicon for photonics is the ability to mix light 

and electron on the same chip. In particular, 

nanocomposite layers containing nc-Si offers the 

opportunity to guide modulate and especially to 

generate and / or amplify light, which offers 

prospects encouraging the design of waveguides. 

[96] In this context, studies have been carried out 

on silicon nanocrystals waveguides formed of a 

silicon rich oxide core surrounded by a SiO2 If 

envelope. The control and reduction of optical 

losses in these guides is a necessary condition for 

the optical gain. Pellegrino et al. reported a Mie 

scattering (Mie scattering) 2dB.cm-1 and direct 

absorption from 9dB.cm-1. [97]. The same result 

was reported by the Milgram et al. in which 

they showed that silicon nanocrystals offers a large 

potential for the integration of optical emission and 

waveguiding that are compatible for the 

processing technology. 

The figure 27 shows that it’s possible from the 

streak measurement that the couple between the 

two regions of the chip, and that only ~4dB/cm 

loss between the two regions for a test device of 

100 nm nc-Si layer. A thicker Si-nc film will 

increase the loss in the emitting region. 
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Figure 27: (top) Schematic of a two-sectioned 

optically pumped Si-nc emitter integrated with a 

low loss silicon nitride waveguide. (bottom) Streak 

measurement of a two sectioned chip. Light is 

prism coupled to the emitting region on the left of 

the chip and propagates to the right. [97] 

 
7.2.3 Photovoltaic applications 
Photovoltaic (PV) cells absorb photons whose 

energy is greater than the optical gap to create an 

electron-hole pair. This pair is separated by the 

electric field created by the p-n junction in the cell 

and collected by the external electric circuit, thus 

creating an electric current. Many types of 

semiconductor materials can be used to fabricate a 

PV cell. The main feature of these materials is their 

optical gap that defines the absorbed spectral 

range. The lower the gap, the higher the number of 

absorbed photons but the voltage of the external 

circuit is low. Rather, more the gap is higher the 

circuit voltage is high but the number of absorbed 

photons and thus the current generated are low. It 

is therefore necessary to find a compromise on the 

value of the gap so that the generated power is the 

highest possible. For the standard spectrum of the 

sun, this value is 1.34 eV and the maximum 

theoretical efficiency of a PV cell ideal for a single 

energy level is then 33.7%. This is the limit of 

Shockley-Queisser [98]. However, it is theoretically 

possible to exceed this limit from two different 

approaches: the first is to modify the spectrum of 

the incident light by converting the high or low 

energy photons into photons of with the most 

appropriate energy to the cell. The second 

approach is to introduce a number of energy levels 

within the PV cell and thus filtering the incident 

photons. For an infinite number of energy levels, 

the theoretical limit of efficiency is 68% [99]. In all 

cases, it is necessary to reduce losses, the 

maximum efficiency is reached when all the 

incident photons are absorbed and their energy is 

fully converted into electricity. 

In this context, the concept of third generation PV 

cell is one of the most innovative approaches. The 

third generation seeks to exceed the current limits 

of the first generation cells while keeping the low 

manufacturing costs of second generation cells 

based on thin layers, and using non-toxic and 

abundant materials. Silicon nanocrystals are 

particularly interesting because of the abundance 

of silicon and the relatively low cost energy 

deposition processes of thin layers of Si. Many 

approaches using silicon nanostructures, such as 

intermediate cells [100], the multi-carrier 

generation cells [101] or hot carrier cells [102], cells 
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based on silicon tandem are the simplest and most 

promising for future applications. [103] 

 

 

 

 

 

 

Figure 28: Diagram of a tandem three junctions "all 

silicon" based on nc-Si as proposed by Green [104]. 

Conibeer et al. [103] has suggested a tandem cell 

"all silicon" based nc-Si. The cell having three 

junctions as proposed by Green is shown in Figure 

28. Two thin layers of nc-Si are stacked on a 

conventional Si cell. The actual gap of two higher 

cells can be adjusted by the size of the nc-Si 

encapsulated. The theoretical limit of performance 

for such a cell with three junctions is 47.5%, and 

the optimal value of the gap is 1.5 eV and 2 eV for 

the middle and upper cells, respectively [104]. 

Recently, Dengyuan et al. [6] measured the I-V 

curve of a typical Si-NC:SiC/c-Si solar cell under 

an illumination level of 100 mW/cm2 at 25 oC 

using the standard AM1.5G spectrum. They found 

as shown in the figure 29 (top) that the cell has an 

energy conversion efficiency of 4.66 %. The insert 

of in the Figure 29 present the I-V curve without 

the influence of the series resistance which reduce 

the fill factor from 77 % to 53 %. 

In the figure 29 (bottom) shows the EQE and IQE 

measurements which are high for the blue 

response than that of a conventional c-Si 

homojunction solar cell with an IQE is ~ 35 % at 

400 nm.  

 

 

 

 

 

 

Figure 29: Measured I-V curve (298 K, 100 

mW/cm2) (top) and measured reflection (R), 

external quantum efficiency (EQE) and internal 

quantum efficiency (IQE) (bottom) for a typical Si-

NC:SiC/c-Si solar cell. [6] 

7.3 Biophotonic applications 
The unique intrinsic optical properties of 

semiconductor nanocrystals, make them very 

udeful for photoluminescent probes for biological 

sensing, imaging and diagnostic applications. [105-

108] Silicon nanocrystlas may have advantages in 

these applications, due to its low cost and low 

toxicity. However, Si nanocrystals generally have 

poor colloidal stability in aqueous environments 

and show unstable photoluminescence. 
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Recently, Tilley et al. have reported the synthesis of 

water-dispersible silicon nanocrystals with blue 

luminescence upon anchoring allylamine onto  

silicon nanocrystals surfaces [109,110]. Moreover, 

the group of Erogbogbo et al [111] succeeds to 

obtain water dispersible silicon nanocrystals with 

blue, green, and yellow photoluminescence by 

functionalizing them with acrylic acid in the 

presence of HF. This provides a simple, facile, and 

straightforward method for the production of 

colloidally and optically stable water-dispersible 

Silicon nanocrystals. 

The same research group demonstrated the ability 

of these silicon nanocrystals for imaging of live 

cancer cells as shown in the figure 30.  

Figure 30:  The confocal microscopic visualization 

of live pancreatic cancer cells treated with a) amine 

terminated micelle encapsulated nc-Si. b) Tf-

Conjugated micelle encapsulated nc-Si. From left 

to right, the panels show the transmission image, 

luminescence image, and an overlay of the two. 

The scale bars are 17.29 µm and 24.87 µm in a) and 

b) respectively. [111] 

Figure 30 a) shows the confocal images of 

pancreatic cancer cells stained with amine 

terminated micelle-encapsulated Si nanocrystals 

and the Figure 30 b) shows the confocal images of 

pancreatic cancer cells stained with transferrin (Tf)-

functionalized micelle-encapsulated Si 

nanocrystals. Tf was conjugated to carboxyl 

terminated micelle encapsulated Si nanocrystals, 

after micelle formation. The micelle encapsulated 

silicon nanocrystals were found to be strongly 

taken up by pancreatic cancer cells in vitro, thereby 

highlighting their potential to be used as a non-

toxic optical probe for biomedical diagnostics. 
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10 CONCLUSION 
 
To continue the historical trend of lowering the 
manufacturing cost and higher integration density 
of circuits, it became necessary to resort to new 
approaches based on silicon nanocrystals to meet 
the needs of miniaturization are increasingly 
demanding. Therefore these nanocrystals with a 
homogeneous and well-controlled size that can be 
used for the production of devices optoelectronics.  
In this context, we presented this review paper on 
the nc-Si aimed to contribute to a better 
understanding of the optoelectronic properties of 
this material for its application to 
electroluminescent devices and the best methods 
used to fabricate them.  

For the fabrication methods for silicon nanocrystals 
it depends on the objective behind it and the 
existent facilities in the laboratory. But among all 
these methods, the ion implantation and LPCVD 
seem to be the best techniques that allow a better 
control of the size distribution of the silicon 
nanocrystals and comparable luminescence yields 
to those obtained on p-Si. Moreover these two 
techniques are particularly compatibility with the 
technological methods of the current 
microelectronics.  
Concerning the subject of the origin of the 
luminescent in silicon nanocrystals it caused an 
intense debate and many theories and models 
proposed to date. But the new model that 
combines the quantum confinement and the 
interface states give an adequate explanation of nc-
Si luminescence. Still more theoretical works is 
needed in this area.  
 
Besides the fabrication methods we reviewed the 
most used technique for silicon nanocrystals 
characterization. Here again the used techniques 
depends on the users objectives but the easiest way 
to characterize the nc-Si is the Photolumenescence 
since it gives a rapid and reliable results about the 
emitted light wavelength. 
As mentioned in the main text the silicon 
nanocrystals could be used various applications 
including   flash memory, guiding, modulating 
and generating, and/or amplifying light and it has 
a promising feature in the new generation of solar 
cell devices toward record high converging 
efficiencies and we are expected to utilize 
nanostructured materials in biomedical 
applications since silicon is inert, nontoxic, 
abundant, and economical. 
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