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25.1  Introduction

Silicon, the second-most abundant element on earth (after oxygen) 
having superior mechanical and electronic properties, has become 
the principal material of the semiconductors industry from the 
dawn of microelectronics, and apparently will remain dominant 
in the foreseen future. Silicon is a semiconductor whose electrical 
conductivity can be controlled over a wide range, either dynami-
cally or permanently. Its oxidized state (SiO2) is one of the best 
and most stable electrical insulator and its superior chemical and 
mechanical properties make silicon the ideal material for advanced 
materials processing. For all these reasons, silicon became essen-
tially the sole player in electronic integrated circuits, being the 
basic building block of most electronic devices, from transistors 
and diodes to microprocessors, solar cells, wireless communica-
tion devices, and more.1 Yet, silicon is not a good choice for pho-
tonic applications where optically active elements are required 
due to its indirect energy bandgap characteristics where energy’s 
minima of the conduction and the valence bands do not fall at the 
same wavevector (i.e., the crystal Bloch momentum normalized 
to ħ). The situation is schematically illustrated in Figure 25.1 where 
the energy-band diagram of silicon is shown and compared to that 
of GaAs, which is a direct bandgap semiconductor.

In a steady state, electrons (blue circles) occupy the lowest 
energy states of the conduction band while holes (red circles) 
occupy the upper states of the valence band. The emission of a 
photon takes place once the electron and the hole recombine 
radiatively, namely, conduction electrons drop down to empty 

states of holes in the valence band and, releasing their energy to 
photons of energy, ħω = EC − EV ≅ Eg, where Eg is the bandgap 
energy of the semiconductor and ħω is the photon energy. Besides 
energy, momentum should also be conserved during the process. 
However, as the photon wavelength (λ = 2π/k ∼ 1 μm for silicon) 
is about three orders of magnitude larger than the de Broglie 
wavelength of the electrons (which is of the order of the lattice 
constant of the semiconductors ∼5 Å), the photon momentum 
can be neglected relative to that of the electrons and the holes. In 
direct bandgap semiconductors like GaAs, both the electrons and 
the holes have the same momentum at the center of the Brillouin 
zone (Γ-point in Figure 25.1) and vertical radiative recombination 
can take place. In silicon, however, the large momentum mis-
match between electrons and holes does not permit direct radia-
tive recombination unless another entity, a phonon, for example, 
is involved in the recombination process. As a result, silicon is a 
poor emitter of light and cannot be utilized for applications where 
active light sources are required. In many papers and even text-
books this property of silicon is considered to be a disadvantage. 
However, one should remember that radiative recombination in 
direct bandgap semiconductors is a fast process (usually of the 
order of a few nanoseconds in direct bandgap semiconductors 
with Eg ∼ 1−2 eV) that limits the lifetime of the carriers (mainly 
that of the minority carriers in the semiconductor). In silicon, the 
slow radiative lifetime (of the order of few milliseconds in pure 
silicon1) allows the minority carriers to diffuse over macroscopi-
cally large distances (a few hundreds of micrometers and more), 
a highly favorable property for electronic applications.
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The situation is substantially different when dealing with sili-
con nanostructures. Generally speaking, semiconductor nano-
structures2,3 are artificially made semiconductor objects whose 
dimensions have been shrunk down to the nanometer length 
scales. They are classified according to their dimensionality, 
e.g., two-dimensional (2D) quantum wells, one-dimensional 
(1D) nanowires (or quantum wires), and zero-dimensional 
(0D) nanocrystals (or quantum dots4), where the classification 
is according to the number of unconfined dimensions along 
which carriers (electrons and holes) are still free to move. At the 
nanometric length scales, quantum confinement (QC) phenom-
ena become important. For example, one should anticipate the 
momentum conservation law to relax with the decreasing size 
of the object. In case of silicon nanostructures, for example, a 
0D silicon nanocrystal of radius R, we may use the Heisenberg 
uncertainty principle to estimate the wavevector relaxation: 
Δk ∼ 1/R. As the relaxation of the wavevector conservation law 
increases with the decreasing size of the nanostructure, one may 
expect the radiative recombination rate to considerably increase 
once the wavevector mismatch, shown in Figure 25.1, becomes 
comparable to Δk, raising the question: Can we generate active 
photonic elements5,6 from silicon nanostructures?

The above question has turned to be a practical subject in 
1990 when Canham7 reported on efficient red light emission 
from porous silicon (PS) under UV light illumination. PS is a 
nanometric random network of pores and silicon prepared by 
electrochemical etching of a silicon substrate.

Figure 25.2 shows a typical spectrum of the photolumines-
cence (PL) and a photograph of red light coming out from a PS 
layer. As the efficiency of the PL is comparable to that obtained 
from direct bandgap semiconductors, Canham in his pioneering 

work has suggested that quantum size effects might be responsi-
ble for efficient PL. Two complementary results seem to support 
this conclusion. The first is the presence of fairly small crystalline 
silicon nanostructures, in the form of nanocrystals and undulat-
ing nanowires, in the PS medium.8 Secondly, the considerable 
blueshift of the maximum PL energy, and accordingly the energy 
bandgap, from about 1.12 eV (of bulk silicon crystals) to ∼1.8 eV 
in PS, is another manifestation of QC in small semiconductor 
nanostructures.2 Following Canham’s discovery, a very exten-
sive investigation has been conducted by many groups, aimed 
at verifying the QC model. Surprisingly, while many investiga-
tions provided additional support to the QC model,9 a consid-
erable number of works have reported results and properties of 
the PL that cannot be explained by the QC picture.10 This puzzle 
has led numerous researchers to propose alternative models and 
theories that do not rely on QC, the more notable ones suggest-
ing that surface phenomena are responsible for the PL.11,12 In 
this picture, radiative transitions take place on the surface of the 
nanostructures either due to surface bonds, surface defects, 
imperfections, or even surface molecular species. In particu-
lar, the fact that certain properties of the PL depend on “surface 
chemistry”, for example, the specific way that silicon surface 
bonds are terminated, have led certain researchers to suggest 
that surface phenomena are responsible for the luminescence 
from silicon nanostructures.13

Let us emphasize that surface phenomena are expected to play 
a major role in small nanostructures. To follow this, let us esti-
mate the surface-to-volume (STV) ratio for few nanostructures 
of different dimensionality but having a simple geometrical form 
such as spheres (0D), cylinders (1D), and slabs (2D), as schemati-
cally shown in Figure 25.3.

In order to define a “volume” of the surface, we may esti-
mate the surface’s thickness of a given nanostructure, d, to be 
about 1–3 monolayers thick. For silicon (with a lattice constant 
of ∼0.54 nm), we may take, d ∼ 1 nm, to be an estimate of the 
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Figure 25.2 The PL spectrum from porous silicon with a maximum 
PL at a wavelength of about 675 nm. The photograph at the inset dem-
onstrates the red color of the emitted PL from a circular layer of porous 
silicon (the sample has been illuminated with a UV lamp).
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Figure 25.1 Energy-band diagrams for silicon and GaAs where the dis-
persion curves are along the [100] direction (X-point) and the [111] direc-
tion (L-point). Conduction electrons (blue circles) and valence holes (red 
circles) occupy the band’s minima with Δk (momentum/ħ) being the wave-
vector’s difference for silicon. Photon emission is not allowed for silicon.
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surface’s thickness. Hence, for a 0D spherical nanocrystal we 
find, STV = 3(d/R), where R is the radius of the sphere, so that 
for R = 6 nm nanocrystal we get, STV ∼ 0.5, meaning that 50% 
of the silicon atoms belong to the surface while for R = 10 nm, 
33% of the silicon atoms sit on the surface of the nanocrystal. 
We conclude that surface phenomena become more and more 
appreciable with the decreasing size of the nanostructures and, 
on the nanoscales not only quantum size effects can affect the 
electronic properties of the nanostructures but also surface phe-
nomena should carefully be considered as a possible source of 
interactions that may affect electronic properties of the nano-
structures. This is particularly true for silicon, which is known to 
be material sensitive to surface termination and usually requires 
a special treatment for passivation.

Unfortunately, PS is not the ideal medium for the study of 
quantum size effects and surface phenomena at the nanoscale. 
PS is a random network of electrochemically etched pores and 
silicon that is characterized by a broad size and shapes distribu-
tion, it is chemically and mechanically unstable and it tends to 
change its properties with time (aging effects).11 Hence, to a great 
extent, the puzzles and discrepancies between the QC and the 
surface chemistry (SC) models could not be resolved despite of 
the extensive investigation on PS. Yet, over the last decade, alter-
native techniques to fabricate silicon nanostructures, with better 
capabilities to control their size, shape, and the host matrix in 
which they are embedded, have emerged.14 With these improved 
techniques, it is now possible to investigate the evolution of opti-
cal and electrical properties of silicon nanostructures versus size 
and dimensionality. Recent experimental results together with 
refined theories indicate that none of the above models alone, for 
example, the QC and the SC models, can explain the entire opti-
cal properties of silicon nanostructures.15–17 Instead, a refined 
comprehensive model, which takes into account both quan-
tum size effects and surface phenomena has to be developed.18 
The purpose of this chapter is to describe these recent develop-
ments in the field of silicon nanostructures, particularly those 
experiments and models that provide a support and verification 
to the mutual role played by QC and SC in shaping the optical 

properties of silicon nanostructures.19 The interested readers are 
referred to earlier reviews and the rich literature in the field dis-
cussing each individual model (QC and SC) and the supporting/
contradicting experimental results.5–12

25.2   Synthesis of Silicon 
Nanostructures

In this section, we briefly review some of the most popular tech-
niques to synthesize light-emitting silicon nanostructures. The 
simplest and the less expensive method is based on PS, which is 
fabricated by electrochemical etching of crystalline silicon sub-
strates using hydrofluoric acid (HF)–based solutions. The spe-
cific conditions to obtain light-emitting PS (like the PS sample 
shown in Figure 25.2)20,21 are reviewed in detail in Refs. [22,23]. 
Light-emitting PS has a random, nanometric sponge-like struc-
ture with a fairly large surface area that can easily be accessed 
and chemically modified due to its porous characteristics. While 
this property of PS is of great advantage for certain applications 
such as chemical24,25 and biochemical sensing,26,27 it represents a 
major limitation for a consistent study of quantum size effects as 
the size, shape, and even the dimensionality of the nanocrystal-
line silicon objects are not well defined and can vary between 
samples and preparation techniques. Furthermore, as the PS 
matrix may contain various species such as SiOx, amorphous 
silicon (a:Si), and other amorphous derivatives of silicon, the 
exact surface termination of the nanocrystalline silicon objects 
cannot be determined accurately. Aging effects can be quite sig-
nificant in PS and may affect both optical properties and trans-
port phenomena. For all these reasons and despite the extensive 
literature on luminescence from PS, the author of this chapter is 
in the opinion that in practice, it is impossible to draw consistent 
conclusions about nanoscale phenomena from PS alone.

The first experimental report on room-temperature PL from 
silicon nanostructures other than PS is related to silicon nano-
crystals (SiNCs) fabricated by ion implantation of silicon into 
SiO2 matrix.28 Recently after, other methods to produce SiNCs 
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Figure 25.3 The surface-to-volume (STV) ratio for a 2D slab, 1D cylinder, and 0D sphere where R is the thickness of the slab, radius of the 
cylinder, and radius of the sphere, respectively. In all three cases, d represents the thickness of the surface.
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embedded in SiO2 matrices emerged,14 including chemical 
vapor deposition (CVD)29 of sub-stoichiometric oxide (SiOx), 
RF magnetron sputtering,30 reactive evaporation,31 and plasma-
enhanced CVD (PECVD).32–34 In principle, all these methods 
require high-temperature annealing of the deposited films to 
produce phase separation of the excess silicon from the SiO2 
matrix followed by crystallization of the silicon into nano-
crystalline particles. The ion implantation method35–37 is quite 
popular due to its compatibility with the standard silicon CMOS 
technology (where it is routinely used to create doped silicon 
regions). In this technique, silicon ions are extracted from the 
plasma, accelerated toward the SiO2 substrate by an electric 
field and losing their energy after traveling a given depth in the 
substrate. The thickness and the profile of the implanted layer 
depend mainly on the implantation dose and the ion energy. In 
principle, the lower the ion energy the narrower the implanted 
zone, however, implantation dose also decreases at lower ion 
energies, setting up a practical limit on the ion energy, which is 
typically in the range of 1–10 keV.

A similar result of forming oxide layers with excess silicon 
concentration has been obtained by RF magnetron sputtering. 
The sputtering process (sometime referred as physical vapor 
deposition ≡ PVD) involves a bombardment of silicon and SiO2 
solid targets by energetic ions (usually argon ions), removing 

atoms and molecules from the targets that are deposited on the 
substrate. As silicon dioxide is an electric insulator, an RF electric 
field is used to create the plasma between the substrate and the 
targets. A popular method to produce SiNCs is the co-sputtering 
technique15,38 in which, the two targets (usually pure silicon and 
quartz) are simultaneously exposed to the ions, producing a 
mixed layer of silicon and oxide with the excess silicon being 
used to create SiNCs after high-temperature annealing. The 
thickness and the amount of excess silicon concentration are 
determined by the RF power as well as by the geometry of the 
sputtering chamber. Usually, in order to improve uniformity, 
the substrate is rotated and placed far enough from the targets. 
In certain cases however, particularly when size-dependent phe-
nomena are to be investigated, it is desirable to put the substrate 
near the targets without rotation. In this case, the excess silicon 
concentration along the deposited film continuously varies from 
one edge of the substrate to the other edge,15 as schematically 
illustrated in Figure 25.4.

The amount of excess silicon concentration can be determined 
by measuring the volume ratio of silicon and SiO2 obtained from 
reference depositions of the single components (Si and SiO2) 
under the same deposition conditions and is measured in unit of 
% excess silicon content in a given volume (x). In the experiments 
reported in Refs. [15,16], x varied from about 10% (at the edge 
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Figure 25.4 Schematic view of the co-sputtering method with the two targets of silicon and SiO2 simultaneously exposed to energetic ions 
for producing a mixed layer of silicon and SiO2. The amount of excess silicon decreases from the silicon target edge toward the SiO2 target edge. 
Isolated silicon nanocrystals (and PL) have been observed in the range of 10% ≤ x ≤ 35%. The two cross-section TEM images were taken from two 
different locations along the substrate with x = 18% and x = 25%. A few nanocrystals are marked by white squares where the insets are the corre-
sponding images obtained after spatial filtering.
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closer to the SiO2 target) up to about 80% (at the edge closer to the 
Si target). Luminescent SiNCs are obtained after high-temperature 
annealing from a limited range of 10% ≤ x ≤ 35% where isolated 
nanocrystals can be observed. At higher excess silicon content, 
a connected network of silicon clusters is formed, the PL dimin-
ishes, and both dark- and photoconductivities from the deposited 
layers appear, leading Balberg et al.39 to propose that a formation 
of percolating connected network of silicon clusters gives rise to 
mutual exclusion of the PL and the transport.40 Annealing of the 
as-deposited films at high temperatures of about 1150°C–1200°C 
in a controlled environment (Ar or N gas) leads to phase separa-
tion and crystallization of the silicon monomers. In Figure 25.4, 
we present a few examples of cross-section transmission electron 
microscope (TEM) micrographs obtained after thinning the sam-
ples by ion milling to allow passing of the electron beam through 
the specimen. The images shown in Figure 25.4 are related to two 
different values of excess silicon content, x ≈ 18% and 25%. 
Nearly spherical SiNCs can clearly be seen in both images, reveal-
ing typical silicon lattice fringes of mainly the {111} silicon crys-
tal planes (and sometime also the {220} crystal planes). The insets 
to each figure show the silicon crystallographic planes obtained 
after spatial filtering of the images in the frequency domain for 
selected SiNCs marked by solid white squares. The diameter of 
the nanocrystals is not constant but rather varies in the range 
of 2–10 nm. The histograms shown in Figure 25.5 were obtained 
after statistical processing of numerous TEM images, identifying 
SiNCs and measuring their diameters for each value of the excess 
silicon volume content. The profile of the histograms can be fit-
ted to a Gaussian shape size distribution with a full width at half 
maximum (FWHM) of approximately 2 nm at the lower content 
(x ≈ 10%) and 3 nm at the higher silicon volume content (x ≈ 30%), 
reflecting the inhomogeneous characteristics of the samples, 
which are typical to almost all fabrication techniques. The aver-
age diameter of the nanocrystals increases with increasing silicon 
content and can be fitted to the following power law (solid line in 
Figure 25.5b):

 d x x( ) ( ) /nm ≅ −2 0
1 3  (25.1)

where
d is the average diameter of the SiNCs
x0 = (8 ± 2)%

The power exponent of 1/3 stems from the relationship between 
the diameter and the volume of the nanocrystals, reflecting the 
spherical characteristics of the SiNCs. Let us emphasize that 
SiNCs with a diameter smaller than 2 nm have not been observed 
so far, independent of the fabrication method that has been 
utilized, and Equation 25.1 is rather limited to the range of 
10% ≤ x ≤ 35%.

Another elegant method to produce continuous size variation 
of SiNCs in a single deposition run is the laser pyrolysis of silane 
in a gas-flow reactor, which has been reported by Ledoux et al.41 
In this technique, a pulsed CO2 laser produces a molecular beam 
of silicon nanoparticles having a size distribution of 3–7 nm 

with the larger nanoparticles moving slower than the smaller 
ones. Using a rotating mechanical chopper synchronized with 
the laser pulses, size-selected nanoparticles are transmitted 
and deposited at different locations across the substrate. The PL 
image shown in Figure 25.6 reveals a color variation of the PL 
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Figure 25.5 (a) Histograms showing the size distribution for 
selected samples having different excess silicon volume contents. 
The histograms have been obtained after statistical analysis of 
numerous TEM images, similar to those presented in Figure 25.4, 
identifying the nanocrystals and measuring their diameters. The 
solid lines represent the best fit to a Gaussian distribution function. 
(b) The variation of the average diameter of the nanocrystals versus 
the excess silicon volume content. The solid line represents the best 
fit to Equation 25.1.
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across the substrate that is correlated with the average size of the 
silicon nanoparticles.

A slightly narrower size distribution but a much better con-
trol of the position and the density of SiNCs has been achieved 
by synthesizing Si/SiO2 superlattices. This method has been 
introduced by Lockwood et al.42 who have used silicon molecu-
lar beam epitaxy (MBE) system combined with ex situ UV ozone 
oxidation for growing alternating nanolayers of amorphous sil-
icon (a:Si) and SiO2. Later, this approach has been adopted to 
create alternating layers of SiNCs and SiO2 using PECVD,43 low-
pressure CVD (LPCVD)44,45 and RF magnetron sputtering in the 
serial sputtering mode.46 A key factor in all these methods is a 
good control of the layer’s thicknesses down to the nanometric 
length scales and good uniformity, particularly of the interfaces 
between layers. A similar approach, based on depositing alter-
nating SiOx/SiO2 layers with 1 ≤ x < 2, has also been introduced 
where phase separation during annealing gives rise to a for-
mation of a:Si layers that later on crystallize to create SiNCs.47 

Results obtained by serial sputtering of silicon/SiO2 superlattices 
are shown in Figure 25.7.48

In this method, individual layers are deposited one on top of 
the other at deposition rates of about 2–4 nm/min to achieve a 
good thickness control. Cross-section HRTEM images, shown 
in Figure 25.7, reveal the presence of 2D alternating layers of 
SiNCs separated by amorphous SiO2 layers. The order and 
the high quality of the interfaces can be appreciated from the 
low-magnification TEM image at the inset to Figure 25.7 (left) 
while the higher magnification HRTEM micrograph of Figure 
25.7 (right) reveals 2D layers of SiNCs with average diameter of 
about 4.3 nm and a statistical size distribution similar to those 
presented in Figure 25.5. Figure 25.7 (left) presents a STEM 
(scanning TEM) micrograph obtained after introducing high 
angle annular dark field (HAADF) detector into the microscope 
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Figure 25.6 (a) A photograph showing the PL variation along the 
substrate from silicon nanocrystals deposited by the laser pyrolysis 
technique. (b) The normalized PL spectra from different positions along 
the substrate. (Reprinted from Ledoux, G. et al., Appl. Phys. Lett., 80, 
4834, 2002. With permission.)
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Figure 25.7 High-resolution, cross-section TEM micrographs 
of serially sputtered SiNCs embedded in SiO2 matrices. (Left) STEM 
image (high z-contrast) revealing nearly spherical SiNCs (bright spots) 
with average diameter of 3 nm, separated by 10 nm of SiO2 layers. The 
inset shows a lower magnification image of the superlattice. (Right) 
HRTEM image of selected layers of SiNCs (marked by red circles) 
having average diameter of 4.3 nm.
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for collecting electrons that undergo high angle inelastic scat-
tering to yield high z-contrast (where z is the atomic number of 
the element). In this image, the average diameter of the SiNCs 
is about 3 nm.

25.3   Luminescence Properties 
of Silicon Nanostructures

25.3.1   Optical Characterizations 
and Luminescence Bands

In general, several luminescence bands can be excited from sil-
icon nanostructures, but most of them are not directly related 
to the nanostructures but rather to defects and imperfections 
in the host matrix. A relatively strong but misleading band is 
the so-called “F”-band (Fast-band) which has been observed 
for oxidized PS and for most silicon nanostructures embed-
ded in SiO2 matrices.11,49,50 The emission spectrum of this band 
extends over the blue-green (400–550 nm) range of the vis-
ible spectrum and is characterized by a fast PL decay time of 
several nanoseconds. This band has been observed from fully 
oxidized PS and from silicon nanostructures, such as silicon 
nanowires,51,52 with fairly large diameters and therefore, can-
not be associated with the nanostructures themselves but with 
luminescence oxide and interface defects. Other luminescence 
bands that have been reported but do not relate to quantum 
size effects are UV bands (∼350 nm) and near-IR bands of bulk 
silicon, unsaturated silicon bonds, and rare-earth heavy ions 
in the silicon matrix.11,12

The size-dependent luminescence band, which shows a clear 
correlation with quantum size effects in silicon nanostructures, 
is called the “S”-band (Slow-band) and has been the subject of 
extensive investigation over the past two decades.5–13 The emis-
sion spectrum from this band can be tuned over the green–red–
near IR spectral ranges (500–900 nm) and is characterized by 
significantly slower PL decay times (compared to the F-band) 
in the range of few microseconds (see Figure 25.8). In a typi-
cal PL experiment, carriers (electrons and holes) are optically 
excited via absorption of photons of energies exceeding the 
energy bandgap of the nanostructures, followed by nonradiative 
relaxation of the photocarriers into the lowest energy levels of 
the nanostructures and finally, radiative recombination of the 
carriers that generates PL photons.

Several complementary methods including direct optical 
absorption,53 ellipsometry,54–56 and PLE11,57 (PL excitation) 
have been utilized for revealing the absorption spectra from 
silicon nanostructures. In general, the absorption is substan-
tially blueshifted relative to the PL spectrum with a weak tail 
below 3 eV and increasing absorption above 3 eV that resembles 
some of the crystalline and the amorphous silicon character-
istics. Therefore, it is not simple to correlate absorption data 
with the nanostructures themselves as contributions from sili-
con species, defects, and other absorbing centers in the host 
matrix cannot be distinguished. The photoexcited carriers 
undergo a fast relaxation, on timescales of several picoseconds, 

releasing their energy via nonradiative processes (such as pho-
nons emission) and are trapped in the lower energy levels of the 
nanostructures. Hence, the luminescence spectrum, particu-
larly the luminescence from the S-band, can directly be cor-
related with the silicon nanostructures to provide a direct tool 
for studying the size effects in these nanostructures. Two kinds 
of PL experiments can be performed. In continuous wave (cw) 
PL experiments, the system approaches a steady state where all 
relaxation and transient phenomena have already disappeared 
and a steady state PL spectrum is measured. Time-resolved PL 
experiments allow studying dynamical aspects of the nano-
crystals where, the investigated dynamics depends on the 
temporal resolution of the measurement system, particularly 
the time resolution of the optical detection system that follows 
the decay of the PL signal shortly after the excitation pulse is 
switched off. In silicon nanostructures, the dynamics associ-
ated with interband (e.g., conduction to valence) radiative 
and nonradiative relaxation processes is on timescales of few 
microseconds and therefore, the excitation source can be either 
a pulsed laser or a beam of a cw laser modulated by an external 
light modulator (such as acousto-optical modulator).

25.3.2  CW Photoluminescence Experiments

One of the most convincing evidences for quantum size effects in 
silicon nanostructures comes from cw PL experiments on series 
of SiNCs having different diameters. The room temperature, 
normalized PL spectra shown in Figure 25.6 (SiNCs fabricated 
by laser pyrolysis of silane41) and Figure 25.9 (SiNCs fabricated 
by co-sputtering15) demonstrate this phenomenon where all 
PL spectra are blueshifted to higher energies for smaller nano-
crystals. This behavior of the PL, e.g., a blueshift of the PL peak 

PL
Exc.

d/2

Eex ~ 1/d EQC ~ 1/d 2

Figure 25.8 Schematic of the optical excitation process (blue line) 
generating electron (dotted circle)–hole (solid circle) pairs, followed by 
nonradiative relaxation into the lowest energy levels of the nanocrystal 
(dashed-dotted lines) and finally, radiative recombination of the electron–
hole pair (exciton) to generate a photon (red arrow). The scaling laws 
for the exciton energy and the bandgap energy (according to the QC 
model) are shown at the bottom of the figure.
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energy with the decreasing size of the nanocrystals, has also 
been observed for PS9–11 and for SiNCs fabricated by other meth-
ods.14 The relatively large bandwidth of all PL spectra (FWHM 
≈ 200 meV) has been assigned to the inhomogeneous character-
istics of the samples, for example, the broad size distributions 
shown in Figure 25.5 for co-sputtered SiNCs.

Figure 25.10 (top) presents the variation of the PL peak energy 
with the increasing excess silicon volume content, x, in the range 
of 10% ≤ x ≤ 35% (bottom axis of Figure 25.10) and accordingly, 
with the decreasing average diameter of the co-sputtered SiNCs 
(upper axis of Figure 25.10). The solid line in this figure repre-
sents the best fit of the experimental results to an inverse power 
law as follows:

 E E b
x xG− =

−( ) /
0

3δ  (25.2)

where
δ/3 ≅ 0.45 ± 0.1 is the power exponent
EG = 1.12 eV is the energy bandgap of bulk silicon
x0 ≅ (9 ± 2)% (very close to the experimental value of x0 

obtained for the variation of the average diameter with x; 
see Equation 25.1)

Using Equations 25.1 and 25.2, we find a relationship between 
the PL energy shift (relative to bulk silicon) and the diameter of the 
SiNCs:

 ∆E E E A
dG= − = δ

 (25.3)

where
δ ≅ 1.35 ± 0.3
ΔE is called the “confinement energy” of the nanocrystals

A very similar inverse power law with essentially the same 
power exponent has been found for SiNCs fabricated by laser 

pyrolysis of silane,41 by PECVD,34 and by other techniques. 
However, this power exponent deviates from the exponent pre-
dicted from a simple QC model, e.g., a particle confined into a 
spherical quantum dot having infinite potential barrier. In the 
latter case, the quantized energy levels of the dot are given by2 
E z m d dn l n l, , /( * )~ /= 2 12 2 2 2� , where zn,l are the lth root of the nth 
order spherical Bessel function and m* is the effective mass of the 
carriers in the bulk medium. Therefore, in such a simple effective 
mass model, one would expect the confinement energy to vary 
as ΔE ∼ 1/d2. Several factors may account for the deviation of δ 
from this simple model. A major factor, which has been ignored 
so far, is the Coulomb interaction between electrons and holes to 
create excitons. Excitons are bound states of electron–hole pairs 
that are created by the Coulomb attraction between the charged 
carriers. In a bulk silicon crystal, the Bohr radius of the exciton 
is given by a eex Si= ≈ −�2 2 5 7ε µ/ nm , where εSi is the dielectric 
constant of silicon and μ is the reduced mass of the electron–
hole pairs. QC modifies this picture, particularly when the size 
of the nanocrystals becomes comparable to the Bohr radius of 
the exciton. In this case (d/2 ≤ aex), which is called the strong 
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Figure 25.9 The normalized PL spectra for co-sputtered SiNCs of 
different excess silicon volume content.
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Figure 25.10 The variation of (a) the PL peak energy and (b) the 
integrated PL versus the excess silicon volume content (bottom axis) 
and the average diameter of the nanocrystals (top axis). The inset shows 
the non-normalized PL spectra at room temperature.
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confinement regime, the electrostatic Coulomb energy is scaled 
as Eex ≈ e2/(εSid/2) ∼ 1/d as opposed to ∼1/d2 of the effective mass 
model; see Figure 25.8. Thus, we can expect the power exponent 
to vary in the range of 1 ≤ δ ≤ 2 with δ ≈ 2 being the weak con-
finement limit for big nanocrystals. Indeed, recent first-principle 
calculations (meaning that the many-body problem of having a 
finite number of silicon atoms in a dot, including the specific 
form of surface termination bonds, has numerically been solved) 
such as the LCAO (linear combination of atomic orbitals)58 and 
the pseudo-potential59 methods, have found a power exponent of 
δ ≅ 1.4, in a very good agreement with the experimental results, 
thus providing a solid support to the QC model.

Yet, cw PL experiments provide additional information about 
SiNCs that cannot be easily interpreted by the QC model. Figure 
25.10b shows the variation of the integrated PL intensity, which 
is obtained by integrating the area below the non-normalized PL 
spectra15 (inset to Figure 25.10a) versus the silicon volume con-
tent (and the average diameter of the nanocrystals). In order to 
obtain the actual PL yield, one should take into account the vary-
ing density of SiNCs as lower x means lower density of SiNCs. The 
corrected PL yield, obtained after dividing the integrated PL by x, 
is shown in Figure 25.11. In this presentation, the precise number 
of photons absorbed per each unit area could only be estimated. 
While this quantity has not been measured directly, in several 
other experiments41,60–63 aimed at measuring the absolute value of 
the PL yield, it has been found that the PL yield for SiNCs hav-
ing a diameter of 4–5 nm is fairly high in the range of 60%–80%. 
Similar values have also been found for PS.64 The maximum yield 
of 30%–50% shown in Figure 25.11 (for nanocrystals emitting 
their light in the 650–750 nm, red-orange spectral range) should 
be considered as a lower limit. However, the general trend of the 
PL yield, e.g., sharp increase with the decreasing diameter up to a 

maximum for 4–5 nm in diameter nanocrystals and a decrease of 
the yield for smaller nanocrystals, has been confirmed by numer-
ous groups.41,63 This finding cannot simply be explained by the QC 
model. According to this model, the smaller the nanocrystals the 
more pronounced is the relaxation of the momentum conserva-
tion rule (as confirmed experimentally65) and accordingly, a larger 
PL yield should be measured.66 Further implications of the high 
PL yield and its relation to the rates of radiative and nonradiative 
processes in SiNCs is discussed in Section 25.3.3.

Among the first experiments indicating the mutual role of 
QC and SC is the one reported by Wolkin et al.17 In this experi-
ment, a series of PS samples having different porosities have 
been kept under controlled environment to avoid oxidation and 
to ensure that the surface of the silicon nanostructures is passiv-
ated by Si–H chemical bonds. The state of passivation has been 
monitored by FTIR infrared spectroscopy to exclude the pres-
ence of Si–O and Si–OH bonds. A second group of similar PS 
samples were exposed to air for 24 h, allowing surface oxidation 
and the presence of Si–O bonds. Results of room-temperature 
PL measurements from both series of samples are presented in 
Figure 25.12. Despite that the actual average size of the silicon 
nanostructures cannot accurately be measured for PS, it is well 
known that smaller silicon features appear for larger porosities 
of the samples.67 The PL spectra, shown in Figure 25.12a, show 
indeed a consistent blueshift with the increasing porosity for 
hydrogen-terminated PS samples. On the other hand, oxygen-
terminated samples (Figure 25.12b) show, at first, a blueshift of 
the PL spectra up to the yellow (∼600 nm) and then, no blue-
shift and even a redshift for the blue-green emitting PS samples. 
Clearly, this phenomenon cannot be explained by the QC model 
alone and the role of SC, particularly the passivation of the PS 
surface must be taken into account. The model proposed by 
Wolkin et al.17 assumes that some of the dangling bonds, on the 
silicon oxide interface, are passivated by the Si=O double bond, 
which is known to be more stable than other forms of surface 
passivation.68 Based on this assumption, the authors simulated 
the electronic band structure of SiNCs having Si=O double 
bonds at the silicon oxide interface. The results, shown in Figure 
25.13, suggest that the QC model is valid for hydrogen-termi-
nated SiNCs as radiative recombinations are via free excitons 
(e.g., excitons of the bulk nanocrystalline silicon core) for all 
sizes of the nanocrystals. However, for Si=O passivated SiNCs, 
both electrons and holes can be localized (or trapped) by the 
Si=O bonds where, in zone I of Figure 25.13 none of the carriers 
are trapped, in zone II only electrons are trapped, and in zone 
III both electrons and holes are trapped to form surface-trapped 
excitons. This model provides a nice and elegant explanation to 
the experimental results shown in Figure 25.12, particularly for 
kinetic properties associated with the joint contribution of SC 
and QC to the shift of the energy bandgap. Yet, as pointed out by 
these authors, the intensity of the PL (which is proportional to 
the integrated PL) increases by few orders of magnitude up to the 
orange emitting samples and then, diminishes for higher poros-
ity samples emitting in the blue-green; quite similar to the PL 
yield presented in Figure 25.11 for co-sputtered SiNCs. Hence, 
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Figure 25.11 The PL yield versus the silicon volume content (bot-
tom axis) and the average diameter of the nanocrystals (top axis). The 
inset illustrates schematically the two relaxation channels of radiative 
recombination (followed by photon emission) and nonradiative relax-
ation of the exciton.
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dynamical characteristics of the nanocrystals still require suf-
ficient explanations, particularly as the PL decay time from the 
blue-green PS samples have been reported17 to be much faster 
(0.07 μs in the blue) than those of the red samples (∼2 μs) and 
therefore, according to the QC model, should exhibit higher PL 
yield. Further discussion of this topic will be given in Section 
25.4.2 after presenting the vibron model.

25.3.3   Time-Resolved Photoluminescence 
Experiments

The PL decay process from silicon nanostructures has been 
intensively investigated over the recent years, both from PS11 
and from SiNCs embedded in SiO2 matrices.69 In a typical setup, 

a train of short laser pulses excites the carriers to their lowest 
excitonic state from which they radiatively recombine to gener-
ate PL photons. The PL decay time is measured shortly after the 
pump laser is switched off using, for example, a gated photon-
counting system that is mostly suitable for SiNCs since the 
relevant dynamics occurs on timescales of sub-microseconds up 
to few milliseconds.

A typical room-temperature, time-resolved PL decay curve 
from co-sputtered SiNCs with x = 18% (average diameter 
of ∼4.5 nm) and at a PL energy of 1.65 eV (PL wavelength of 
∼750 nm), is shown in Figure 25.14. The temporal behavior of the 
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PL does not follow a simple exponential decay function [e.g., 
I/I0 = exp(−t/τ); notice the semilogarithmic scale of Figure 25.14], 
but rather a stretched-exponential decay function of the form:

 I t I t( ) = −

















0 exp τ

β

 (25.4)

where
τ is the characteristic PL lifetime
0 < β ≤ 1 is the dispersion exponent of the PL decay function

This form of the PL decay function has been observed for many 
classes of silicon nanostructures37,70 and is frequently assigned 
to disorder characteristics of systems where dispersive transport 
take place, particularly migration71,72 and trapping–detrapping 
(or release) of photoexcited carriers.73 This topic is directly related 
to transport phenomena in PS and SiNCs where dispersive trans-
port has been observed and discussed,21,74 but will not be reviewed 
here. The red solid line in Figure 25.14 represents the best fit of 
the experimental data to Equation 25.4, yielding a PL lifetime of 
about ∼40 μs and β ∼ 0.85. As opposed to the dispersion expo-
nent that is approximately independent on the PL energy, the PL 
decay time decreases with the increasing PL energy, from about 
100 μs at 1.4 eV to few μs at 2 eV. This is rather important result 
as it indicates, again, about the inhomogeneous nature of the PL 
spectrum, in accordance with the inhomogeneous size distribu-
tions of the nanocrystals shown in Figure 25.5. According to the 
QC model, the smaller the SiNCs (and therefore, the breakdown 
of the k-conservation rule), the larger the radiative transitions rate 
and the faster the radiative lifetime. We will follow this picture, 
assuming that each wavelength in the PL spectrum probes a dif-
ferent size of the nanocrystals, as suggested by the QC model. In 
addition, let us denote the substantial dependence of the PL decay 
time (at a given PL energy) on temperature, shown at the inset to 
Figure 25.14. The lower is the sample temperature the longer is 
the PL decay time, approaching fairly slow PL lifetimes of about 
few milliseconds at low temperatures (below 50 K). The variation 
of the PL lifetime with temperature, for several PL energies, is 
presented in the Arrhenius plot (semilogarithmic scale versus the 
inverse temperature) of Figure 25.15.

We can identify two distinct temperature regimes in Figure 
25.15: a low-temperature regime (below 50–60 K) where the PL 
lifetime is essentially independent of temperature and a high-
temperature regime (above 60 K) where the PL lifetime gets 
shorter with the increasing temperature. To follow these char-
acteristics of the PL lifetime let us briefly describe the exchange-
splitting model that has originally been proposed by Calcott 
et al.75 for PS, and later on adopted for other classes of silicon 
nanostructures.69 In typical semiconductors the lowest excitonic 
state is composed of conduction electrons having a total angular 
momentum of J = 1/2 (the sum of L = 0 orbital angular momen-
tum of the conduction band and spin 1/2 of the electrons) and 
heavy holes states having J = 3/2 (L = 1 of the valence band and 
spin 1/2). Hence, the total angular momentum of the exciton can 
be either 1 or 2. Of course, QC makes this picture much more 

complicated as different bands can be mixed and the spherical 
symmetry of the ideal dot can be distorted (in fact, the spheri-
cal symmetry of the dot is always slightly distorted when con-
structed from a cubic crystal). Therefore, Calcott et al.75 treated 
the exciton as composed of two spin 1/2 particles assuming that 
only the spin components of the total angular momentum are 
conserved. In this case, the total spin of the exciton can be either 
S = 1 (triplet) or S = 0 (singlet). The Coulomb exchange interaction 
between electrons and holes lifts the singlet–triplet degeneracy. To 
follow the role of the exchange interaction, let us point out that, 
according to the Pauli principle, a singlet state (which is antisym-
metric with respect to exchange of the electron–hole spins) has to 
be symmetric with respect to exchange of the electron–hole orbital 
states, while the spin-triplet state has to be orbitally antisymmet-
ric with respect to this exchange. Hence, the Coulomb energy 
associated with the exchange interaction is always larger for the 
spin-singlet state (S = 0) relative to the spin-triplet state (S = 1). The 
situation is schematically illustrated at the inset to Figure 25.15 
where Δ is the singlet–triplet exchange splitting energy. In a bulk 
silicon crystal, the splitting energy is fairly small, of the order of 
∼150 μeV; however, since the exchange interaction is proportional 
to the overlap between the electron and the hole states, it can sig-
nificantly be enhanced by confining the exciton into small nano-
structures. This picture explains very well the behavior of the PL 
lifetime. Denoting the lifetimes of the upper singlet and the lower 
triplet states by τU and τL, respectively, and taking the population 
of the two states to be in thermal equilibrium (which is a reason-
able assumption as relaxation processes between these neighbor-
ing states should very fast, of the order of few picoseconds), we 
find the following expression for the PL radiative lifetime:
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Figure 25.15 Arrhenius plot (semilog scale versus the inverse tem-
perature) of the PL lifetime, from the x ~ 18% sample, for several pho-
ton energies. The solid lines represent the best fit of the experimental 
data to the exchange-splitting model shown schematically at the inset 
with τU, τL, and Δ being the upper state (singlet) lifetime, the lower state 
(triplet) lifetime, and the splitting energy, respectively.
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where
1/τL is the rate of radiative transitions from the lower triplet 

state
1/τU is the rate of radiative transitions from the upper singlet 

state, g = gL/gU = 3 is the level’s degeneracy ratio* and the 
Bolzmann factor, exp(−Δ/kT), takes into account the rela-
tive (thermal) population of the states

The solid lines in Figure 25.15 represent the best fit of the PL 
lifetimes to Equation 25.5. The appearance of two temperature 
regimes can be understood now as follows. At low temperatures 
(where kT < Δ), only the lower triplet state of the exciton is popu-
lated and the PL decay time is dominated by the long lifetime of 
the triplet state. At higher temperatures, the upper singlet state 
becomes populated. If the radiative lifetime of this state is much 
faster than that of the lower triplet state, it will dominate the PL 
decay time at high temperatures, giving rise to exponentially faster 
lifetimes (versus the inverse temperature), which is in a very good 
agreement with the results shown in Figure 25.15. The upper state 
lifetime is expected to be (relatively) short since the spin singlet is 
an optically active state (e.g., radiative recombination of the exci-
ton into the ground state of no exciton is allowed) as opposed to 
the lower triplet state, which is optically forbidden state according 
to the spin selection rules. The spin–orbit interaction11 can mix 
the singlet–triplet states, making the triplet state weakly allowed. 
However, this interaction is fairly weak in silicon so that the life-
time of the triplet state is expected to be quite long.

Before, discussing the application of this analysis to the vari-
ous SiNCs samples (of variable silicon volume content), let us 
denote the contribution of nonradiative relaxation processes to 
the measured PL decay time. In principle, the measured (inverse) 
PL decay time is the sum of radiative and nonradiative relax-
ation rates, τ τ τ− − −= +1 1 1

R NR , where τNR is the nonradiative relax-
ation time. Yet, as will be further explained hereafter, at high 
temperatures the measured PL decay time is dominated by radi-
ative processes and we may take, τU ≅ τS (where τS is the singlet 
lifetime). At low temperatures, the contribution of nonradiative 
processes cannot be neglected; thus we have τ τ τL T NR

− − −= +1 1 1 , with 
τT being the triplet (radiative) lifetime.

The above analysis, which yields the upper level lifetime, 
the lower level lifetime, and the exchange-splitting energy for 
each of the PL energies, has been exploited to the entire set 
of SiNC samples having different average diameters.15,16 The 
results are presented in Figure 25.16 for selected samples. Let 
us emphasize again that each of these samples is characterized 
by inhomogeneous, approximately Gaussian, size distribution 
of the nanocrystals (see Figure 25.5). The PL energy probes 
a given size (or diameter) of the nanocrystals within this 

* The degeneracy ratio depends on the assumption regarding the total 
angular momentum of the states. However, the lifetime analysis is almost 
insensitive to the specific value of this ratio.

distribution. This is schematically illustrated at the bottom of 
Figure 25.16, where a smaller PL energy is linked to a larger 
nanocrystal with a scale of diameters (based on Equation 
25.3—the relationship between the PL energy and the diam-
eter of the nanocrystals). For a given size distribution, the PL 
intensity varies across the PL spectrum yielding more photons 
near the average size of the SiNCs. Nevertheless, according to 
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the QC model the PL lifetime should be independent of the 
size distribution but rather characteristic of a given nanocrys-
tal’s diameter. In other words, according to the QC model, 
the PL lifetime should vary with the PL energy but should be 
independent of the size distribution of the nanocrystals. The 
results shown in Figure 25.16a for the upper state (singlet) life-
time and in Figure 25.16b for the exchange-splitting energy, 
remarkably follow the QC model. The upper state lifetime, 
τU, decreases by an order of magnitude (from about 40–50 μs 
down to 2–3 μs) with increasing PL energy, in agreement with 
the QC model where larger relaxation of the k-conservation 
rule is expected for smaller nanocrystals. Furthermore, all the 
results for τU from different samples having different average 
diameters, collapse into a single line (the blue line in Figure 
25.16a) independent of the size distributions of the samples. 
The PL energy probes a lifetime of nanocrystals having the 
same diameter, which should be independent of how many 
nanocrystals of that size appear at a given distribution. A sim-
ilar conclusion holds for the exchange-splitting energy. The 
smaller the nanocrystal, the larger the exciton confinement 
and the bigger the splitting energy. Here again, as the splitting 
energy is a size-dependent property of the nanocrystals, this 
energy should be independent of the size distribution and the 
results for all samples should collapse into a single line.

So far, we have found the upper state (singlet) lifetime and the 
exchange-splitting energy to provide a solid support to the QC 
model. However, a completely different behavior appears for the 
lower state (triplet) lifetime, τL. The lower state lifetime is essen-
tially independent of the PL energy and therefore, is not a size-
dependent property of the nanocrystals. In contrast, τL depends 
on the excess silicon volume content (x), and accordingly, on 
the average diameter of the SiNCs. Thus, the lower state lifetime 
cannot be assigned to radiative relaxation from the triplet state 
but rather to nonradiative relaxation processes that depend on 
the environment of the SiNCs, e.g., the amount of excess sili-
con in the host matrix and, as will be explained later, on the SC 
(or passivation) of the SiNCs. These findings suggest that QC is 
responsible for the relatively fast radiative transitions rates from 
SiNCs, while SC is responsible for the fairly slow nonradiative 
relaxation processes in these nanocrystals. Yet, both processes 
are responsible for the PL yield, η (see Section 25.3.2), which is 
derived from the competition between radiative and nonradia-
tive recombination rates, as schematically illustrated at the inset 
to Figure 25.11, and is given by the following expression:

 η τ
τ τ

τ
τ τ

τ
τ

=
+

=
+

=
−

− −
R

R NR

NR

R NR R

1

1 1  (25.6)

where τ τ τ− − −= +1 1 1
R NR is the total (measured) PL decay time. 

For high-yield samples (average diameter in the range of 4.5–
5.5 nm), the PL decay time varies by more than two orders of 
magnitude over the 50–300 K temperature range (see Figure 
25.15), while the integrated PL is approximately constant over 
the same temperature range (it varies by less than a factor of 2; 
see Figure 25.17).

Both experiments (Figures 25.16 and 25.17) suggest that over 
the 50–300 K temperature range, the PL decay time is dominated 
by radiative transitions of the exciton where, τR << τNR. In this 
range, we find η ≅ constant ∼1, in a good agreement with the 
high yield measured for these SiNCs. At this temperature range, 
radiative transitions are dominated by the upper-state lifetimes, 
τ ≅ τU ∼ 2 – 50 μs, which should be compared to the nonradia-
tive lifetimes, τNR ∼ 1 – 3 ms. Notice that nonradiative rates have 
been measured at low temperatures and, in general, one should 
expect faster nonradiative lifetimes at higher temperatures. 
Nevertheless, all experimental results indicate that τR << τNR over 
the entire temperature range, up to room temperature.

Based on the assignment of radiative lifetime to the upper 
(singlet) state, we can estimate now the oscillator strength for 
optical transitions from this state. The oscillator strength, fi→j, 
is a dimensionless parameter that measures the strength of 
a dipole-allowed optical transition from a given ith state to 
another jth state, relative to all other dipole-allowed transitions 
from the same (ith) state. The oscillator strength is normalized 
so that the sum over all oscillator strengths originated from the 
same level, is equal to 1, a property which is known as the f-sum 
rule76 (or the Thomas–Reiche–Kuhn sum rule). The relationship 
between the oscillator strength and the (spontaneous) radiative 
lifetime of the singlet state is given by18

 
f mc

E e nOS
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2 2
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 (25.7)

where
m is the electron mass
n is the refractive index of the medium
E is the photon energy

In Figure 25.18, we have plotted the oscillator strength for opti-
cal transitions, from the upper singlet state, versus the confine-
ment energy, ΔE. Here again, all results from samples having 
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Figure 25.17 The variation of the integrated PL as a function of 
temperature for various samples having different average diameters.
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different average diameters collapse into a single function that, 
taking into account the limited range of variation, can be fitted 
into exponential form:*

 f f E
EOS
OS

= 





0 exp

∆
 (25.8)

where
EOS ≅ 0.4 ± 0.1 eV is the characteristic oscillator strength 

energy
f0 ≅ (3.5 ± 1) × 10−5 is the oscillator strength of the bulk crystal 

(no confinement)

The above analysis of the PL characteristics seems to adequately 
explain most of the experimental findings but, at the same time, 
open up other fundamental questions concerning the origin of 
the PL. Let us briefly summarize these findings and the most 
relevant questions19:

 1. Radiative Processes: QC plays a major role here. For small 
silicon nanostructures, QC gives rise to a blueshift of 
the bandgap energy, up to the visible range of the spec-
trum, according to the power law of Equation 25.3. At 
the same time, the increasing bandgap energy gives rise 
to shorter radiative lifetimes since τU ∼ 1/E2 (without tak-
ing into account the effect of confinement on the oscilla-
tor strength, which will be discussed hereafter). A second 
contribution of QC to radiative processes comes from the 
breakdown of the k- (or momentum) conservation rule. 
However, the effect of confinement on the rate of radiative 
transitions has been overestimated by many researchers 
over the years. Our estimate of the oscillator strength for 
the case of no confinement is, f0 ∼ 10−5, in a fairly good 

* Over the limited range where the oscillator strength has been measured, 
other functions such as power laws could also be fitted. The current expo-
nential form should be considered as a guideline only.

agreement with the poor optical emission and the fairly 
slow radiative lifetimes (≥10 ms) from bulk silicon. QC 
enhances the oscillator strength for small nanocrystals, 
but only to the order of ∼(2–3) × 10−4 and, apparently up to 
10−3 for blue-emitting nanocrystals. For a comparison, in 
direct bandgap semiconductors the oscillator strength for 
interband transitions is ∼1, about 3–4 orders of magnitude 
larger than the oscillator strength of our silicon nano-
structures. A direct consequence of this result is the fairly 
slow radiative lifetimes in silicon nanostructures relative 
to direct bandgap semiconductors. For example, the radi-
ative lifetime in GaAs (with energy bandgap of ∼1.42 eV) 
is about few nanoseconds compared to few microseconds 
in silicon nanostructures; a result which is a direct mani-
festation of the 3–4 orders of magnitude differences in the 
oscillator strength. Some researchers might assign this 
conclusion to the so-called quasi-direct bandgap of silicon 
nanostructures, meaning that the oscillator strength for 
dipole allowed optical transitions is substantially smaller 
compared to direct bandgap semiconductors. However, 
the author of this chapter prefers not to talk about “bands” 
in small silicon nanostructures as we actually deal with a 
discrete set of levels rather than “bands.”

 2. Nonradiative Processes: As opposed to radiative processes, 
QC does not play a major role here. The efficient light 
emission from SiNCs is due to exceptionally slow nonra-
diative relaxation processes in SiNCs, of the order of few 
milliseconds. While this result explains very well the high 
quantum yield from SiNCs, it raises another fundamen-
tal question. The measured nonradiative lifetimes of few 
milliseconds are typical for the purest silicon wafers, with 
impurity levels of about 1013–1014 cm−3 (e.g., one impurity 
atom per more than a billion of silicon atoms).1 It is well 
known that higher density of impurities enhances non-
radiative relaxation rates, for example, in p-type silicon 
crystals with boron concentration of about 1016 cm−3 the 
minority carriers’ lifetime is about 0.1–1 μs; adding 1017 cm−3 
Au impurities into the crystal gives rise to nonradiative 
lifetimes as short as 10−10 s. The high PL yield and the slow 
nonradiative relaxation times in SiNCs seem to be a uni-
versal property of SiNCs, essentially independent of the 
method of fabrication (see Section 25.2). Yet, these fab-
rication methods are not necessarily “clean” and free of 
imperfections, defects, and impurities. In fact, the quality 
of interfaces between SiNCs and the host matrices can-
not be compared to those obtained by epitaxial growth 
methods; their shape and symmetry are less regular 
than nanocrystals synthesized by colloidal chemistry 
and the level of impurities and defects is far from those 
obtained by advanced silicon crystal growth techniques. 
Considering all these facts, one would expect to find 
much faster nonradiative relaxation times in SiNCs, at 
least a considerable variation of the PL yield among the 
various preparation techniques. It seems that SC plays a 
major role in excluding nonradiative relaxation channels 
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Figure 25.18 Semilogarithmic plot of the upper level oscillator 
strength versus the confinement energy, for various samples having differ-
ent average diameters. The red line represents the best fit to Equation 25.8.
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in SiNCs. Understanding what possible mechanism could 
give rise to remarkably slower nonradiative relaxation 
rates is a major issue in the field and is expected not only 
to explain the origin of the efficient PL, but also to explore 
novel aspects of SC at the nanoscales. A possible mecha-
nism that could prevent nonradiative relaxation processes 
at these length scales, and is related to SC, is presented 
and discussed in the following section (the vibron model). 
In principle, understanding this mechanism may open up 
new horizons concerning surface engineering of nonra-
diative processes at nanoscales.

25.4   The Vibron Model: 
The Relationship between 
Surface Polar Vibrations and 
Nonradiative Processes

The purpose of this section is to discuss basic properties of 
SiNCs surfaces, particularly the silicon–SiO2 interface (Section 
25.4.1) as most experimental data reported so far are related 
to SiNCs embedded in silicon dioxide matrices. The “vibron” 
model (Section 25.4.2), which correlates surface vibrations at the 
silicon–SiO2 interfaces to nonradiative processes, is proposed as 
a specific mechanism that passivates the nanocrystals against 
nonradiative relaxation channels. Such a mechanism can explain 
the role of SC and its influence on nonradiative relaxation pro-
cesses in SiNCs. Finally, in Section 25.4.3, we describe recent 
experimental results that seem to support the vibron model.

25.4.1  The Silicon–Silicon Dioxide Interface

The silicon–SiO2 interface is one of the most studied interfaces 
due to the vital role it plays in microelectronics, particularly in 
the MOS (metal-oxide-semiconductor) technology. In general, it 
is well known that thermally grown oxide on top of a crystalline 
silicon substrate has amorphous structure down to distances 
of about 1–3 nm away from the interface. The common picture 
of the interface is that of 1–2 monolayers of non-stoichiometric 
SiOx (with 1 < x < 2), followed by 1–2 nm of strained SiO2 and a 
remaining layer of stoichiometric, strain-free amorphous SiO2.1 
The Si–SiO2 interface plays a major role in the MOS technology 
as it can permanently trap charges (interface charges) acting as a 
source of voltage that shift the electrical characteristics of MOS 
devices. The amount of surface traps can be as high as 1015 cm−2 
(meaning that essentially all surface atoms can trap charges); 
however, after hydrogen annealing that passivates most of sur-
face dangling bonds, the amount of surface traps can be reduced 
to a level of ∼1010 cm−2 or less. The electronic properties of bulk 
silicon crystals are almost insensitive to these imperfections due 
to the very small STV ratio of bulk materials (see, Figure 25.3). 
However, for small SiNCs, the circumstances are substantially 
different as the number of atoms (or molecules) belonging to 
the surface of the nanocrystal is similar to the number of silicon 
atoms of the “bulk” nanocrystal.

Several theoretical and experimental investigations have 
been conducted for exploring the nature of the interface transi-
tion region, of about 1–3 nm, where the structure changes from 
a perfect order of crystalline silicon to a disordered structure 
of amorphous SiO2. Numerous reports77–80 have shown that the 
interface may include few monolayers of compressed crystalline, 
epitaxial-oxide phase in the form of either cristoblite,81 quartz, 
or even tridymite.82 After few monolayers of strained crystal-
line oxide, the stress is released and amorphous phase of SiO2 
appears. A quite remarkable demonstration to the presence of 
crystalline SiO2 phase at the Si–SiO2 interface has been reported 
by Cho et al.83 using thermally oxidized SOI (silicon-on-insulator) 
substrates to create a thin crystalline silicon layer embedded in 
between relatively thick amorphous SiO2 (a 2D silicon quantum 
well*). The cross-section HRTEM images of these structures, 
which can be considered as 2D analogous84 of 0D SiNCs, are 
shown in Figure 25.19a and b. Despite that the exact crystalline 
phase of SiO2 could not be identified in this experiment, these 
images demonstrate the possibility of creating crystalline SiO2 
at the Si–SiO2 transition region. Notice also that the model of 
surface passivation by Si=O double bonds (see Section 25.3.2) 
proposed by Wolkin et al.17 has been shown to be consistent with 
the presence of cristoblite phase at the transition region of the 
interface.85 The remarkable point about the TEM images shown 
in Figure 25.19a and b is the fairly thick crystalline-oxide layer, 
of ∼2–3 nm, which may contain more than 10 monolayers of 
crystalline SiO2. The situation is much more complicated when 
dealing with nonplanar surfaces such as the spherical surface 
of SiNCs. The EFTEM (energy filtered TEM) image of a single 
SiNC, shown in Figure 25.19c, was taken from Ref. [86] and is 
one of the best images of a single nanocrystal ever been reported. 
Daldosso et al.86 provided clear evidences to the existence of a 
Si–SiO2 spherical transition region, of about 1 nm in thickness, 
which is marked by the dashed lines in Figure 25.19c. While the 
signature of crystalline SiO2 is absent in this image, it is worth 
noting that such a signature from few monolayers of a crystalline 
phase, thinner than 2 nm, has not been observed even for planar 
surfaces and definitely not for the much more challenging spher-
ical surfaces discussed here. The presence of a spherical tran-
sition region made of crystalline SiO2 is not a prerequisite for 
the vibron model to be discussed in Section 25.4.2. Yet, the exis-
tence of such a surface would provide a supplementary support 
to the model as coherent vibrations across the SiNCs surface, 
are expected to enhance the vibron effect (see Section 25.4.2) 
as compared to noncoherent vibrations. The presence of such a 
surface would also help to understand the analogy between the 
“classical” polaron problem and the vibron model as “phonons” 

* Some readers may ask if such 2D silicon nanostructures could show simi-
lar quantum size effects (such as PL). However, as far as electronic proper-
ties are concerned, these 2D structures behave as 0D SiNCs. The reason is 
local fluctuations, on length scales of 1–2 monolayers, of the oxide layer 
that cannot be avoided during thermal oxidation. These fluctuations 
induce strong localization of the electronic wavefunctions that resembles 
the 0D characteristics of SiNCs (with lesser control of the additional con-
finement scales84).
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are natural vibrations of a crystalline SiO2 phase. However, this 
is essentially a technical point and the vibron model can be justi-
fied even in the absence of a crystalline SiO2 shell.

25.4.2  The Vibron Model

Following the conclusions of Section 25.3, particularly the 
conclusion that the high PL efficiency is due to the inhibition 
of nonradiative relaxation in SiNCs, we should look for a spe-
cific mechanism, associated with SC, which can “passivate” the 
nanocrystals against nonradiative relaxation processes. Such a 
mechanism has been proposed in Refs. [18,87,88] and is called 
the “vibron” model. Let us briefly explain this model that assigns 
the inhibition of nonradiative channels to a resonant coupling 
between electronic states of the nanocrystals and surface vibra-
tions of the silicon–oxygen bonds. These vibrations can be either 
noncoherent, e.g., vibrations associated with the Si–O and/or the 
Si=O bonds on the surface of the SiNCs, or coherent vibrations 
of a spherical crystalline SiO2 shell that wraps the inner crystal-
line silicon core of the nanocrystals.

In general, a major source of scattering and relaxation in any 
semiconductor is the electron scattering from lattice vibrations 
of its own crystal, known as phonons.89 The phonon dispersion 
relation (e.g., the relation between the frequency and the wave-
vector of the phonons) consists of two branches: an acoustic 
branch (where ω goes to zero as k⃗  approaches zero) and an opti-
cal branch of phonons that can interact with light (with non-
zero value of ω at k⃗  → 0). In addition, each of these branches is 
divided into longitudinal and transversal phonon modes where, 
for longitudinal modes (LO and LA), the atoms vibrate parallel 
to the propagation direction while for transversal modes (TO and 
TA), the atoms vibrate perpendicular to the propagation direc-
tion of the phonons. In polar semiconductors (such as GaAs), 
where ions constructing a unit cell of the crystal carry positive 
and negatives (ionic) charges, longitudinal vibrations of the crys-
tal generate a long-range polarization field. The polarization field 
is an electric field produced by the electric dipole moment of the 

vibrating ions, which is responsible for the strong interaction 
between LO phonons and charged carriers (electrons and holes) 
in polar semiconductors, and is a major source of scattering and 
energy dissipation in these semiconductors.90 In silicon, however, 
the situation is quite different as silicon is a covalent semiconduc-
tor having the same atoms in a unit cell of the crystal that do not 
carry a net charge. Therefore, neither longitudinal nor transversal 
phonon vibrations in silicon generate a polarization field, giving 
rise to significantly slower phonon scattering rates compared to 
polar semiconductors. The presence of charged impurities, vibrat-
ing bonds, or any other source of oscillating electric dipoles (or 
charges) on the surface of silicon could generate electric field that 
interacts with the charged carriers. However, these are small sur-
face effects that have minor impact on the electronic properties of 
bulk silicon crystals.

The situation is substantially different when dealing with low-
dimensional silicon nanostructures, particularly small SiNCs. 
In these nanocrystals, the surface can no longer be treated as a 
small perturbation since a significant portion of the atoms sit on 
the surface of the nanocrystals (see Figure 25.3). While vibra-
tions of the core silicon crystal cannot produce a polarization 
field, polar vibrating bonds on the surface of the nanocrystals 
can generate a polarization field, in the vicinity of the nanocrys-
tals, that interacts with the charged carriers. This is the basic 
mechanism that stands behind the vibron model. Some readers 
may argue that this picture seems to contradict our goal, e.g., 
finding a mechanism that will allow to passivate the nanocrys-
tals against nonradiative processes. Indeed, the smaller are the 
nanocrystals the bigger is the surface area giving rise to larger 
amount of nonradiative relaxation channels. This is also the 
case for SiNCs with a diameter larger than 10 nm. However, for 
smaller SiNCs with a diameter less than 10 nm, a new mecha-
nism of resonant coupling between surface vibrations and elec-
tronic states appears and allows passivating the nanocrystals 
against nonradiative channels.

To follow the origin of this mechanism, let us consider the 
SiNC schematically illustrated in Figure 25.20, which consists 
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Figure 25.19 HRTEM images of crystalline SiO2 on ultrathin silicon (100) layers with thicknesses of (a) 1.9–2.2 nm and (b) 1.4–1.6 nm. 
(Reprinted from Cho, E.-C. et al., J. Appl. Phys., 96, 3211, 2004. With permission.) (c) High-resolution energy filtered TEM of a SiNC. The presence 
of silicon (111) reticular planes is clearly visible in the core region. The dotted lines mark the interface transition region. (Reprinted from Daldosso, 
N. et al., Phys. Rev. B., 68, 085327, 2003. With permission.)
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of (approximately) spherical nanocrystalline silicon core termi-
nated with silicon–oxygen bonds on its surface. Traditionally, 
finding the electronic levels and the vibrational modes of a bulk 
semiconductor have been treated as two independent prob-
lems (the so-called adiabatic approximation) as the electronic 
energies are of the order of few eV while vibrational (or pho-
non) energies are an order of magnitude smaller. At present, 
we will follow this picture, but later on we will reexamine this 
assumption. The SiNCs spectrum of electronic levels has been 
calculated by several groups using various techniques such as 
tight-binding,58,91 pseudo-potential,59 and effective mass.92,93 
Most reports have focused on the lowest unoccupied conduc-
tion level (called the LUMO state) and the highest occupied 
valence level (the HOMO state) as these levels are involved in 
interband optical transitions contributing to the PL. However, 
the vibron model requires some knowledge about higher excited 
states of the system. In direct bandgap semiconductor nano-
crystals, it is convenient to classify the electronic levels accord-
ing to their orbital symmetry using the standard atomic orbital 
notations, e.g., S, P, D, etc.2 Several factors make the classifi-
cation for SiNCs more complex. First, the anisotropic effective 
mass of conduction electrons (with a transverse mass of 0.19m0 
and longitudinal mass of 0.92m0) may gives rise to a splitting of 
the levels with lower energy levels associated with the heavier 
mass. Secondly, the six minima degeneracy of the conduction 
band in bulk silicon (near the X-point, along the family of (100) 
directions; see Figure 25.1), which should be preserved for an 
ideal spherical dot, will be lifted by any deviation from a per-
fect spherical symmetry. In addition, a unique splitting into 
two groups of levels that are symmetric/antisymmetric under 
inversion (e.g., k⃗   → −k⃗  ) are expected for small SiNCs due to 

intervalley couplings.91 Finally, mixing between different bands 
is expected in small SiNCs. For the purpose of our model, we 
will ignore most of these fine splitting and mixing features, 
referring to the lowest two sublevels of each band as 1Se and 1Pe 
for conduction electrons (1Sh and 1Ph for holes), as schemati-
cally illustrated on the left side of Figure 25.21.

Eg is the effective energy bandgap (the energy difference 
between the 1Se and the 1Sh states) and ΔEC and ΔEV are the 
energy differences between lowest conduction and valence sub-
levels, respectively. On the right side of Figure 25.21, we sche-
matically illustrate the configuration space diagram for the 
Si=O surface bonds (e.g., the variation of the potential energy 
versus the length of the Si=O bond) with a ground vibrational 
state and a first excited state having a vibrational energy of 
ħωVB (a common approximation here is taking the potential 
energy to be parabolic and the quantized vibrational levels and 
energies being the levels of a simple harmonic oscillator). The 
vibrational energies are measured upward for conduction elec-
trons and downward for valence holes. Notice that vibrational 
energies are size independent (e.g., independent on the diame-
ter of the nanocrystal), depending only on the type of bonding 
used to terminate the surface of the nanocrystal. On the other 
hand, the quantized electronic levels of the nanocrystal are size 
dependent and should increase with the decreasing diameter 
of the SiNCs. Hence, for (relatively) big SiNCs, one expects 
the conduction/valence energy differences to be fairly small 
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Figure 25.20 Schematic illustration of a spherical silicon nanocrys-
tal terminated with silicon–oxygen bonds. The dashed area represents a 
surface region where a crystalline SiO2 shell could be formed. The inset 
illustrates the Si–O–Si asymmetric stretching mode of vibration.
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Figure 25.21 Schematic illustration of the condition for resonant 
coupling between electronic sublevels and surface vibrations. On the 
left, the lowest electronic sublevels of the conduction (1Se and 1Pe) and 
the valence (1Sh and 1Ph) bands are shown. ΔEC and ΔEV are the energy 
differences between these sublevels. On the right, the ground and the 
first excited vibrational states are shown (with ħωVB being the vibra-
tional energy). The blue lines represent the potential energy for surface 
vibrations (in the configuration space). Resonant coupling occurs once 
the vibrational energy is equal to ΔEC or ΔEV.
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compared to vibrational energies. With the decreasing size 
of the nanocrystals, ΔEC (and ΔEV) increases until, for a given 
diameter of the nanocrystals, the two energies (electronic and 
vibrational) coincide. This is the condition for a resonant cou-
pling between surface vibrations and the electronic states of the 
nanocrystals via a polarization field of the vibrations.

The above model should slightly be modified when dealing 
with surface phonons of a crystalline SiO2 shell, but the main 
conclusion concerning resonant coupling between electronic 
states and surface phonons, remains valid.* In this case, we will 
focus our attention on LO phonons as these phonons generate 
a considerably large polarization field. In general, the disper-
sion relation of the phonons should be taken into account (e.g., 
the dependence of the phonon energy on the phonon wavevec-
tor, q⃗ ), but, to a first order approximation we may take the LO 
phonon energy to be dispersionless and equal to ħωLO. When 
the condition for a strong coupling is fulfilled, ΔE ≈ ħωLO, the 
electrons and the phonons are not anymore in the weak coupling 
regime where scattering and energy dissipation occur. Instead, 
the strong coupling between electrons and phonons gives rise 
to a creation of virtually everlasting mixed electron–phonon 
modes, called polarons. In polar semiconductor quantum dots, 
these polarons are due to strong coupling between the electrons 
and the LO phonons of the same crystalline core while in the 
vibron case, a similar coupling occurs between surface phonons 
of the crystalline shell and the core electrons. These surface 
polarons “passivate” the surface against nonradiative relaxation 
processes. Let us emphasize that this process of creating surface 
polarons (vibrons) is expected to be particularly important in 
silicon where, as opposed to polar semiconductors, only surface 
phonons (or vibrations) can produce a polarization field explain-
ing the crucial role of SC in SiNCs.

The polaron state of nanocrystals can be viewed as a “dressed” 
state of the electron–phonon system. A simple illustration of a 
polaron state is depicted in Figure 25.22 where the negatively 
charged electron produces a local disturbance to the polariza-
tion field of the lattice (which is created by longitudinal lattice 
vibrations). In the vibron case, the surface polaron is a “dressed” 
state of the surface, meaning that the electron and/or the hole are 
coupled to the surface of the SiNC. This provides a direct expla-
nation and a specific mechanism to the model of Wolkin et al.17 
of surface-trapped electrons/holes/excitons discussed in Section 
25.3.2. Here again, resonant coupling to surface vibrations can 
produce a localized (or trapped) electron-surface vibrations, 
hole-surface vibrations, or a localization of the entire exciton as 
suggested by Verzelen et al.94 Another important characteristic 
of the polaron problem, which can be utilized for experimental 
verification of the model, is the polaron energy splitting due to 
confinement. To follow this phenomenon, one needs to solve the 
entire polaron Hamiltonian including the electron-polar phonon 

* For the sake of simplicity, we have ignored the effect of confinement on 
the spectrum of phonons and their dispersion relation. However, this 
topic could lead to additional novel phenomena that have not been stud-
ied so far.

interaction, finding the new eigen-energies of the polaron that 
becomes a mixed state of the electrons (or the holes) and the 
phonons. While the exact algebra is quite complicated and 
tedious, a simplified model has been proposed by Mahdouani 
et al.95 by limiting the interaction into the subspace of the |1Se(h), 
1q⃗ 〉 and |1Pe(h), 0q⃗ 〉 uncoupled states, which are composed of 
the electronic ground state (1Se(h)) + 1 phonon state (1q⃗ ), and 
the first excited electronic state (1Pe(h)) + 0 phonon state (0q⃗ ), 
respectively. In this subspace, the electron–phonon interaction 
Hamiltonian (known as the Fröhlich Hamiltonian96) takes the 
following form:

 H
E W

W EPOL
S LO

P
=

+









�ω
*  (25.9)

where
ES, EP are the electronic energies of the 1S and the 1P sublev-

els, respectively
ħωLO is the LO phonon energy
The off-diagonal electron–phonon interaction term is given 

by W S q H P qe h el ph e h= −1 1 1 0( ) ( ), ,
� �

The solution to this problem (e.g., diagonalization of the Fröhlich 
Hamiltonian) yields the mixed electron (hole)–phonon states of 
the vibron and the energies of the vibron, which are schemati-
cally illustrated in Figure 25.23.

The lower energy branch (E−) has a phonon-like behavior 
(E− ≈ ħωLO) for small SiNCs and behaves as an electronic state 
(1Pe) for large SiNCs (with E− ≈ ΔEC ∼ 1/dη; see Equation 25.3). 
The upper branch (E+) is electronic-like for small SiNCs and 
phonon-like for large SiNCs. However, the most interesting 
behavior occurs for ΔEC ≈ ħωLO (the resonant coupling con-
dition), where the polaron states are mixed states of the form 
ψPOL e ea S q b P q±

± ±= +1 1 1 0, ,� �  (with a b± ±+ =2 2 1). Similar 
results can be obtained for the hole–phonon coupling95 and for 
the exciton–phonon coupling.94 In principle, the same formal-
ism can be applied to noncoherent surface vibrations with ħωVB 
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Figure 25.22 Schematic description of the polaron formation 
mechanism. On the left, the polarization field from the unperturbed 
lattice of charged ions is shown while on the right, the perturbed field 
(e.g., the polaron) created by a negatively charged electron (blue circle) 
is presented.
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replacing ħωLO. Yet, this problem requires further investigation 
as the application of the Fröhlich Hamiltonian for coupling to 
surface vibrations and/or amorphous phases has not been inves-
tigated so far. Finally, let us point out that measuring the vibron 
energies can provide a direct verification to the model. This is 
the subject of Section 25.4.3.

25.4.3   Experiments Supporting 
the Vibron Model

At first, let us mention several reports about polar optical pho-
nons of the silicon–SiO2 planar interfaces, which have been the-
oretically predicated97 and experimentally observed.98 In these 
planar Si–SiO2 interfaces, polar optical phonons of the oxide 
layer give rise to enhanced scattering and energy dissipation, 
from charged carriers moving in the adjacent silicon chan-
nel of MOS devices and bipolar transistors having SiO2 spacer 
layers.98 In this case, the interaction with polar optical phonons 
causes a lower mobility of the carriers and a degradation of the 
current–voltage characteristics. As discussed in the previous 
section, this is the regime of weakly coupled electrons–phonons 
that is reflected by energy dissipation and enhanced nonradiative 
relaxation rates.

Among the first experiments providing direct evidence for 
vibrons in SiNCs is the one reported in Refs. [87,88]. In this 
experiment, the aim was to measure inter-sub-level (ISL) opti-
cal transitions between the quantized sublevels of SiNCs,93 for 
example, the |1Se 〉 → |1Pe 〉 and the |1Sh 〉→ |1Ph 〉 ISL transitions 
between the quantized states of the conduction and the valence 
bands, respectively (see Figure 25.21, left). Ignoring band mixing, 
let us indicate that these are optical transitions between sublev-
els coming from the same band and therefore, having the same 
Bloch wavefunction (for example, the same conduction Bloch 
state for both the |1Se 〉 and the |1Pe 〉 sublevels). Hence, dipole 
matrix elements for optical transitions between these sublevels 

are reduced to dipole matrix elements between envelope states of 
these sublevels.99,100 Thus, the |1Se 〉 → |1Pe 〉 transition is a dipole 
allowed optical transition (with the oscillator strength for this 
transition being close to 191) that can be measured by infrared 
absorption spectroscopy. Let us emphasize that ISL optical tran-
sitions are a direct manifestation of QC as these sublevels do not 
exist in bulk semiconductors.101 In addition, according to the 
vibron model, these sublevels are expected to interact with sur-
face polar vibrations yielding modified energy spectra similar 
to those presented in Figure 25.23. Therefore, this experiment 
should be sensitive to both QC and SC in SiNCs.

The experimental setup for measuring ISL transitions101 in 
SiNCs includes a visible pump laser exciting electron–hole 
pairs* (excitons) and a weak, tunable IR probe beam measuring 
the photoinduced absorption (PIA) spectra. Both the photoin-
duced transmittance, ΔT, and the linear IR transmittance, T, are 
measured (by modulating the pump laser beam in one experi-
ment and the probe beam in a second experiment using a lock-in 
detection method87) to obtain PIA: PIA = ΔT/T.† The same set of 
co-sputtered SiNC samples, with varying average diameter (and 
silicon volume content; see Figure 25.5), which were used for the 
PL experiments (see Figures 25.9 through 25.11), have also been 
exploited for PIA measurements to allow investigation of pos-
sible correlation between these experiments.

Figure 25.24 presents the linear IR absorption (red line) and 
the PIA (black line) spectra for SiNCs having an average diam-
eter of 4.5 nm (x = 18%). The linear IR absorption spectrum 
includes a single absorption band, at about 130–150 meV (1050–
1210 cm−1 in terms of wavenumbers), of the Si–O asymmetric 

* Since our SiNcs are essentially undoped, the carriers must optically be 
induced. Once a technology to introduce dopants into SiNCs will emerge, 
it would be interesting to investigate direct ISL transitions from SiNCs 
having a single type of carriers.

† The linear and the photoinduced transmittance are given by T T e d= − ⋅
0

α  
and ∆ ∆T T e ed d= −− ⋅ − + ⋅

0[ ]( )α α α  where α is the linear absorption coeffi-
cient and Δα is the photoinduced absorption coefficient. Hence, we find 
PIA = = − ≅ ⋅− ⋅∆ ∆∆T T e dd/ 1 α α  where we have assumed that Δα . d << 1.
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stretching mode of vibration,102,103 schematically illustrated in 
Figure 25.20. Similar linear IR absorption spectra have been 
obtained for all SiNCs embedded in SiO2 matrices. The PIA 
spectrum reveals two photoinduced absorption bands; a rela-
tively strong and narrow band at ∼135 meV and a fairly broad, 
high-energy band at about 280 meV. The broadening of the PIA 
bands is expected here as absorption measurements average over 
all sizes of nanocrystals according to the size distribution of each 
sample (see Figure 25.5). In fact, the fairly narrow linewidth of 
the low-energy band (FWHM of ∼20 meV) is quite surprising 
taking into account the size distribution. As the PIA technique 
is not sensitive to the polarity of the carriers, we may use the 
effective mass approximation for assigning the low-energy PIA 
band to valence-ISL (VISL) transitions and the high-energy 
band to conduction-ISL (CISL) optical transitions.91–93 However, 
another explanation of assigning both bands to CISL transitions 
is possible, where the 1Pe state of the conduction splits into two 
sublevels, mainly due to differences between longitudinal and 
transversal conduction effective masses.91 In the following, we 
follow the first scenario but the main conclusions of this experi-
ment remain valid for the second scenario as well.

Next, in Figure 25.25, we show the PIA spectra for a series of 
SiNCs having variable average diameter, from 4 up to 6 nm. This 
is also the range of diameters where the two PIA bands could 
be resolved from the noise. Surprisingly, while the high-energy 
CISL absorption band shows a remarkable redshift with the 
increasing size of the nanocrystals, the low-energy VISL band 
presents a significantly weaker shift to the red, with the energy 

of the VISL transition (120–140 meV) being fairly close to the 
energy of the Si–O asymmetric stretching mode of vibration 
(∼135 meV).

To correlate the results with the vibron model, we present in 
Figure 25.26 the PIA peak energies for both ISL bands (ΔEC and 
ΔEV) versus the confinement energy, ΔE (defined here as ΔE = 
EPL − EG with EPL being the peak PL energy of the sample). The 
CISL energies display a linear dependence on ΔE as expected 
from the QC model (where both ΔE and ΔEC ∼ 1/dδ according to 
Equation 25.3). On the other hand, the VISL energies show a sub-
linear dependence on ΔE, approaching the vibrational energy of 
the Si–O stretching mode of vibration. The dashed line in Figure 
25.26 represents the expected dependence of the VISL energies on 
ΔE according to the QC model (i.e., ΔEV ∼ ΔE). This line crosses 
the vibrational energy of the Si–O vibration, which is independent 
of the size of the nanocrystals, and is represented by the horizon-
tal dashed-dotted line in Figure 25.26. Hence, the anti-crossing of 
the VISL energies and the vibration energies, which resembles the 
anti-crossing shown in Figure 25.23 (the vibron model), suggests 
that electronic states of the valence band are resonantly coupled to 
Si–O surface vibrations to create vibrons.

Notice also that the amplitude (or the strength) of the PIA 
bands increases with the decreasing size of the nanocrystals, 
up to a diameter of ∼4.5 nm and then, decreases until the PIA 
spectra could not be resolved for SiNCs smaller then 2.5 nm. 
These results provide additional support to the vibron model. 
The correlation between the integrated PIA (e.g., the area below 
the VISL absorption bands shown in Figure 25.25) and the inte-
grated PL, which is presented in Figure 25.27, suggests that the 
same mechanism, e.g., the formation of vibrons, is also respon-
sible for the high PL efficiency. For SiNCs having a diameter in 
the range of 4–4.5 nm, the energy difference between the lowest 
valence sublevels becomes comparable to those of the Si–O sur-
face vibrations. As a result, long-lived vibrons are created giving 
rise to slow nonradiative relaxation rates that, in turn, enhance 
the PL efficiency. This mechanism, which takes into account the 
mutual role of QC and SC, also explains the correlation between 
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the PIA and the PL shown in Figure 25.27. Finally, let us point 
out that the Si–O asymmetric vibration is related to a “longitudi-
nal” mode of vibration where the oxygen atom vibrates back and 
forth along the line joining the axis of the two silicon atoms (see 
Figure 25.20). This vibrational mode is expected to generate a 
strong polarization field relative to other Si–O vibrations103 such 
as the symmetric stretching mode (at about 810 cm−1), which can 
be seen in the linear IR absorption spectrum but without any 
correlation to the PIA spectra, and the Si–O rocking mode of 
vibration at ∼450 cm−1. Notice that, it has been suggested that the 
asymmetric lineshape of the Si–O stretching mode at ∼1100 cm−1 
(see Figure 25.24) is due to the two “quasi-phonon” modes of 
the amorphous SiO2 medium,104 with the AS1 (first asymmetric 
stretching) mode at 1076 cm−1 being related to “in-phase” motion 
of adjacent oxygen atoms while the AS2 mode at ∼1250 cm−1 is 
related to “out-of-phase” motion of adjacent oxygen atoms.103 
Clearly, only the AS1 mode is expected to generate a long-range 
polarization field, a result that can explain the strong asymme-
try of the VISL band (see Figure 25.24), once approaching the 
high-energy shoulder of the linear Si–O stretching vibration.

Additional experimental results supporting the vibron 
model come from a single quantum dot spectroscopy of SiNCs 
fabricated by the laser pyrolysis technique (see Section 25.2). 
Martin et al.105 have succeeded to dissolve SiNCs (surrounded 
by SiO2), disperse them in polymer matrices and to spin-cast the 
nanocrystals on glass substrates for a single silicon nanopar-
ticle spectroscopy. The PL spectra, shown in Figure 25.28 for 
two different sizes of nanocrystals, reveal vibronic features of 
low-energy PL satellites, at about 130–160 meV below the high-
energy peaks. These satellite peaks have been interpreted as 
(surface) phonon-assisted optical transitions where the high-
energy PL band is related to a zero-phonon transition (hav-
ing homogeneous linewidth of ∼100 meV) and a low-energy PL 
shoulder that is related to a phonon-assisted transition. Notice 
that phonon-assisted optical transitions (both interband106 and 
ISL58) have been predicted for SiNCs; however, in most cases 

the bulk phonons of silicon have been considered rather than 
polar surface vibrations (which could be either Si–O surface 
vibrations, or AS phonons of amorphous-SiO2 or LO phonons 
of a crystalline SiO2 shell). A similar phenomenon of vibronic 
satellites in the PL spectrum has also been reported for PS 
particles.107 In another work, vibronic features due to surface-
oxide absorption band using ellipsometric measurements108 
have been reported. Seraphin et al.109 have shown that modi-
fying the surface passivation of SiNCs does not alter the PL 
spectrum and only the PL intensity is changed, apparently due 
to modification of the surface bonds with a higher PL intensity 
associated with the more polar surface bonds.

Finally, let us discuss the recent magneto-PL experiment 
reported by Godefroo et al.110 In this experiment, pulsed mag-
netic fields up to 50 T have been applied to SiNCs and the cor-
responding energy shift of the PL has been measured. The 
high magnetic field acts to further confine the exciton with 
� �B eB= /  being the magnetic confinement length. Hence, free 
excitons of bulk nanocrystals are expected to show a blueshift 
in response to high enough B-fields, while localized or trapped 
excitons are not expected to show a similar shift. Indeed, no 
blueshift of the PL has been measured for SiNCs embedded in 
SiO2. The authors have interpreted these observations as a PL 
originated from defect centers in the oxide layer that wraps the 
nanocrystals. However, according to the vibron model, surface-
localized vibrons should not present a blueshift either. In another 
experiment, the authors annealed the samples in hydrogen, at 
temperatures low enough to avoid the creation of hydrogenated 
a:Si. In this experiment a blueshift of the PL has been observed, 
thus confirming the experimental results of Wolkin et  al.17 
where H-terminated SiNCs have shown monotonic blueshift of 
the PL with the decreasing size of the nanocrystals (or with the 
increasing B-field in the case of the Godefroo experiment110). 
The topic of hydrogen-terminated SiNCs remains a puzzle that 
has not been addressed in this chapter for the very simple reason 
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that no reliable methods to produce stable, H-terminated SiNCs 
have been reported so far. Yet, the Si–H bonds are expected to 
be considerably more polar than the Si–O bonds. Hydrogen 
atoms are highly mobile ions that can easily penetrate over few 
nanometers into the nanocrystalline silicon core. Even small 
amount of hydrogen in the silicon core is expected to produce 
considerable polarization field of the “core” nanocrystal. This 
topic calls for further investigation as the current knowledge 
about H-terminated SiNCs is insufficient for drawing any reli-
able conclusions.

25.5  Concluding Remarks

This chapter has covered one specific topic from the much 
broader, rapidly expanding field of silicon nanostructures and 
their applications, focusing on the question about the origin of 
the PL and the specific role of QC and SC in the eluding game 
played by the luminescence. Yet, this specific question is an 
excellent example to a situation where small is really different. 
Namely, not a property of matter that scales down in proportion 
to the size of the material, but rather a truly new phenomenon 
that appears at, and only at the nanometric length scales. The PL 
from silicon nanostructures appears to be such a property. The 
role of QC and SC is another fascinating example to the case 
where physics meets chemistry and both disciplines of science 
merge together into one, multidisciplinary field of nanoscience.

The questions regarding the origin of the PL from silicon nano-
structures are far from being fully resolved. Many open questions 
still exist, some have been discussed in this chapter, some did not, 
and most likely, some new fundamental questions and puzzles 
will emerge soon. Yet, the basic direction in attempting to merge 
QC and SC, rather than choosing one as a sole winner, seems to be 
the proper approach. It is just a matter of time to see if this subjec-
tive opinion of the author of this chpater is indeed correct or not.

Acknowledgments

The author would like to thank many of his (former and current) 
graduate students at the Hebrew University of Jerusalem for invalu-
able contributions to this work, particularly, M. Dovrat, D. Krapf, 
Y. Shalibo, N. Arad, Y. Oppenheim-Goshen, and Y. Raichman. 
I wish to acknowledge the fruitful collaboration with my colleagues 
at the Hebrew University, including J. Jedrzejewski, J. Shappir, and 
especially Prof. Isaac Balberg for stimulating and helpful discus-
sions and for critical reading of the manuscript. I wish to acknowl-
edge the technical staff of the unit for nano-characterization 
(UNC) at the Hebrew University of Jerusalem, particularly Dr. 
Inna Popov for her assistance with the TEM measurements. I have 
enjoyed a fruitful and productive collaboration with X.-H. Zhang 
from the Chinese Academy of Sciences in Beijing and Prof. S.-T. 
Lee from the City University of Honk Kong during a joint project 
on silicon nanowires. This work has been supported by the Israel 
Science Foundation (ISF), the Israeli Ministry of Science, the bina-
tional Chinese–Israeli research grant provided by the ministries of 
science of both countries.

References

 1. S. M. Sze, Physics of Semiconductors, 2nd edn., Wiley-
Interscience, New York (1981).

 2. Al. L. Efros and M. Rosen, The electronic structure of semicon-
ductor nanocrystals, Annu. Rev. Mater. Sci. 30, 475–521 (2000).

 3. P. Moriarty, Nanostructured materials, Rep. Prog. Phys. 64, 
297–381 (2001).

 4. C. J. Murphy and J. L. Coffer, Quantum dots: A primer, 
Appl. Spectrosc. 56, 16A–27A (2002).

 5. L. Pavesi, Will silicon be the photonic material of the third 
millennium? J. Phys.: Condens. Matter 15, R1169–R1196 
(2003).

 6. A. G. Nassiopoulou, Silicon nanocrystals in SiO2 thin lay-
ers, in Encyclopedia of Nanoscience and Nanotechnology, 
Vol. 9, H. S. Nalwa, Ed., pp. 793–813, American Scientific, 
Stevenson Ranch, CA (2004).

 7. L.T. Canham, Silicon quantum wire array fabrication by 
electrochemical and chemical dissolution of wafers, Appl. 
Phys. Lett. 57, 1046–1048 (1990).

 8. A. G. Cullis and L. T. Canham, Visible light emission due 
to quantum size effects in highly porous crystalline silicon, 
Nature 353, 335–338 (1991).

 9. D. Kovalev, H. Heckler, G. Polisski, and F. Koch, Optical 
properties of Si nanocrystals, Phys. Stat. Sol. (b) 215, 871–
932 (1999).

 10. G. Amato, C. Delerue, and H.-J. von Bardeleben, Eds., 
Structural and optical properties of porous silicon nano-
structures, Optoelectronic Properties of Semiconductor and 
Superlattices, Vol. 5, Gordon & Breach, Amsterdam, the 
Netherlands (1997) and references therein.

 11. A. G. Cullis, L. T. Canham, and P. D. J. Calcott, The struc-
tural and luminescence properties of porous silicon, J. Appl. 
Phys. 82, 909–965 (1997).

 12. O. Bisi, S. Ossicini, and L. Pavesi, Porous silicon: A quantum 
sponge structure for silicon based optoelectronics, Surf. Sci. 
Rep. 38, 1–126 (2000).

 13. J. Gole and D. A. Dixon, Potential role of silanones in the 
photoluminescence-excitation, visible-photoluminescence-
emission, and infrared spectra of porous silicon, Phys. Rev. 
B. 57, 12002–12016 (1998).

 14. J. J. Heitmann, F. Müller, M. Zacharias, and U. Gösele, Silicon 
nanocrystals: Size matters, Adv. Mater. 17, 795–803 (2005).

 15. M. Dovrat, Y. Oppenheim, J. Jedrzejewski, I. Balberg, and 
A. Sa’ar, Radiative versus nonradiative decay processes in 
silicon nanocrystals probed by time-resolved photolumi-
nescence spectroscopy, Phys. Rev. B. 69, 155311 (2004).

 16. M. Dovrat, Y. Goshen, I. Popov, J. Jedrzejewski, I. Balberg, 
and A. Sa’ar, The role of radiative and nonradiative relax-
ation processes in the generation of light from silicon nano-
crystals, Phys. Stat. Sol. (c) 2, 3440–3444 (2005).

 17. M. V. Wolkin, J. Jorne, P. M. Fauchet, G. Allan, and 
C.  Delerue, Electronic states and luminescence in porous 
silicon quantum dots: The role of oxygen, Phys. Rev. Lett. 
82, 197–200 (1999).

75500_C025.indd   22 3/23/2010   9:18:12 PM



Photoluminescence from Silicon Nanostructures 25-23

 18. A. Sa’ar, M. Dovrat, J. Jedrzejewski, and I. Balberg, Optical 
inter- and intra-band transitions in silicon nanocrystals: 
The role of surface vibrations, Phys. E: Low-Dimensi. Syst. 
Nanostruct. 38, 122–127 (2007).

 19. A. Sa’ar, Photoluminescence from silicon nanostructures: 
The mutual role of quantum confinement and surface 
chemistry, J. Nanophoton 3, 032501 (2009).

 20. A. Givant, J. Shappir, and A. Sa’ar, Photoluminescence 
anisotropy from laterally anodized porous silicon, Appl. 
Phys. Lett. 73, 3150–3152 (1998).

 21. B. Urbach, E. Axelrod, and A. Sa’ar, Correlation between 
transport, dielectric, and optical properties of oxidized and 
nonoxidized porous silicon, Phys. Rev. B 75, 205330 (2007).

 22. V. Lehmann, Electrochemistry of Silicon, Wiley-VCH, 
Weinheim, Germany (2002).

 23. W. Theiβ, Optical properties of porous silicon, Surf. Sci. 
Rep. 29, 91–192 (1997).

 24. E. Sabatani, Y. Kalisky, A. Berman, Y. Golan, N. Gutman, 
B. Urbach, and A. Sa’ar, Photoluminescence of polydiacety-
lene membranes on porous silicon utilized for chemical 
sensors, Opt. Mater. 38, 1766–1774 (2008).

 25. B. Urbach, N. Korbakov, Y. Bar-David, S. Yitzchaik, and 
A. Sa’ar, Composite structures of polyaniline and mesopo-
rous silicon: Electrochemistry, optical and transport prop-
erties, J. Phys. Chem. C 111, 16586–16592 (2007).

 26. S. Ben-Tabou de-Leon, R. Oren, M. E. Spira, S. Yitzchaik, 
and A. Sa’ar, Neurons culturing and biophotonic sensing 
using porous silicon, Appl. Phys. Lett. 84, 4361–4363 (2004).

 27. H. Lin, T. Gao, J. Fantini, and M. J. Sailor, A porous silicon–
palladium composite film for optical interferometric sens-
ing of Hydrogen, Langmuir 20, 5104–5108 (2004).

 28. S. Furukawa and T. Miyasato, Three-dimensional quantum 
well effects in ultrafine silicon particles, Jpn. J. Appl. Phys. 
27, L2207–L2209 (1988).

 29. W. S. Cheong, N. M. Hwang, D. Y. Yoon, Observation of 
nanometer silicon clusters in the hot-filament CVD pro-
cess, J. Cryst. Growth 204, 52–61 (1999).

 30. S. Charvet, R. Madelon, R. Rizk, B. Garrido, O. Gonzàlez-
Varona, M. López, A. Pérez-Rodríguez, and J. R. Morante, 
Substrate temperature dependence of the photolumines-
cence efficiency of co-sputtered Si/SiO2 layers, J. Lumin. 80, 
241–245 (1988).

 31. U. Kahler and H. Hofmaeister, Visible light emission from 
Si nanocrystalline composites via reactive evaporation of 
SiO, Opt. Mater. 17, 83–86 (2001).

 32. A. J. Kenyon, P. F. Trwoga, C. W. Pitt, and G. Rehm, 
Luminescence efficiency measurements of silicon nanoclu-
sters, Appl. Phys. Lett. 73, 523–525 (1998).

 33. Z.-X. Ma, X.-B. Liao, J. He, W. C. Cheng, G. Z. Yue, Y. Q. 
Wang, and G. L. Kong, Annealing behaviors of photolumi-
nescence from SiOx:H, J. Appl. Phys. 83, 7934–7939 (1998).

 34. L. Ferraioli, M. Wang, G. Pucker, D. Navarro-Urrios, 
N. Dadosso, C. Kompocholis, and L. Pavesi, Photoluminescence 
of silicon nanocrystals in silicon oxide, J. Nanomater. 2007, 
43491 (2007).

 35. T. Shimizu-Iwayama, S. Nakao, and K. Saitoh, Optical and 
structural characterization of implanted nanocrystalline 
semiconductors, Nucl. Instrum. Methods B 121, 450–454 
(1997).

 36. K. S. Min, K. V. Scheglov, C. M. Yang, H. A. Atwater, M. L. 
Brongersma, and A. Polman, Defect-related versus excitonic 
visible light emission from ion beam synthesized Si nano-
crystals in SiO2, Appl. Phys. Lett. 69, 2033–2035 (1996).

 37. J. Linnros, N. Lalic, A. Galeckas, and V. Grivickas, Analysis 
of the stretched exponential photoluminescence decay from 
nanometer-sized silicon crystals in SiO2, J. Appl. Phys. 86, 
6128–6134 (1999).

 38. Y. Posada, I. Balberg, L. F. Fonseca, O. Resto, and S. Z. 
Wiesz, Diffusion length measurements of minority car-
riers in Si-SiO2 using the photo-grating technique, in 
Microcrystalline and Nanocrystalline Semiconductors—2000, 
Boston, MA, Materials Research Society Symposia 
Proceedings, No. 638, F.14.44, pp. 1–6, M. Fauchet, J. M. 
Buriak, L.T. Canham, N. Koshida, and B. E. White, Jr. Eds., 
MRS, Warrendale, PA (2001).

 39. I. Balberg, E. Savir, J. Jedrzeijewski, A. G. Nassiopoulou, 
and S. Gardelis, Fundamental transport processes in 
ensembles of silicon quantum dots, Phys. Rev. B 75, 235329 
(2007).

 40. I. Balberg, E. Savir, and J. Jedrzeijewski, The mutual exclu-
sion of luminescence and transport in nanocrystalline 
silicon networks, J. Non-Cryst. Solids 338–340, 102–105 
(2004).

 41. G. Ledoux, J. Gong, F. Huisken, O. Guillois, and C. Reynaud, 
Photoluminescence of size-separated silicon nanocrystals: 
Confirmation of quantum confinement, Appl. Phys. Lett. 
80, 4834–4836 (2002).

 42. D. J. Lockwood, Z. H. Lu, and J.-M. Baribeau, Quantum 
confined luminescence in Si/SiO2 superlattices, Phys. Rev. 
Lett. 76, 539–541 (1996).

 43. V. Vinciguerra, G. Franzò, F. Priolo, F. Iacona, and C. Spinella, 
Quantum confinement and recombination dynamics in sili-
con nanocrystals embedded in Si/SiO2 superlattices, J. Appl. 
Phys. 87, 8165–8173 (2000).

 44. Z. Ma, L. Wang, K. Chen, W. Li, L. Zhang, Y. Bao, X. Wang, 
J. Xu, X. Huang, and D. Feng, Blue light emission in nc-Si/
SiO2 multilayers fabricated using layer by layer plasma oxi-
dation, J. Non-Cryst. Solids 299–302, 648–652 (2002).

 45. P. Photopooulos, A. G. Nassiopoulou, D. N. Kouvatsos, and 
A. Travlos, Photo- and electroluminescence from nanocrys-
talline silicon single and multilayer structures, Mater. Sci. 
Eng. B 69–70, 345–349 (2000).

 46. L. Tsybeskov, K. D. Hirschman, S. P. Duttagupta, M. 
Zacharias, P. M. Fauchet, J. P. McCaffrey, and D. J. Lockwood, 
Nanocrystalline-silicon superlattice produced by controlled 
recrystallization, Appl. Phys. Lett. 72, 43–45 (1998).

 47. M. Zacharias, J. Heitmann, R. Scholz, U. Kahler, M. Schmidt, 
and J. Bläsing, Size-controlled highly luminescent silicon 
nanocrystals: A SiO/SiO2 superlattice approach, Appl. Phys. 
Lett. 80, 661–663 (2002).

75500_C025.indd   23 3/23/2010   9:18:12 PM



25-24 Handbook of Nanophysics: Nanoelectronics and Nanophotonics

 48. M. Dovrat, Y. Shalibo, N. Arad, S.-T. Lee, and A. Sa’ar, Fine 
structure and selection rules for excitonic transitions in sili-
con nanostructures, Phys. Rev. B 79, 125306 (2009).

 49. N. G. Shang, U. Vetter, I. Gerhards, H. Hofsäss, C. Ronning, 
and M. Seibt, Luminescence centres in silica nanowires, 
Nanotechnology 17, 3215–3218 (2006).

 50. K. Sato and K. Hirakuri, Influence of paramagnetic defects 
on multicolored luminescence from nanocrystalline silicon, 
J. Appl. Phys. 100, 114303 (2006).

 51. M. Dovrat, N. Arad, X.-H. Zhang, S.-T. Lee, and A. Sa’ar, 
Optical properties of silicon nanowires from cathodolumi-
nescence imaging and time-resolved photoluminescence 
spectroscopy, Phys. Rev. B 75, 205343 (2007).

 52. M. Dovrat, N, Arad, S. T. Lee, and A. Sa’ar, Cathodoluminescence 
and photoluminescence of individual silicon nanowires, Phys. 
Stat. Sol. (a) 204, 1512–1517 (2007).

 53. C. Meier, A. Gondorf, S. Lüttjohann, A. Lorke, and 
H.  Wiggers, Silicon nanoparticles: Absorption, emission, 
and the nature of the electronic bandgap, J. Appl. Phys. 101, 
103112 (2007).

 54. J. A. Moreno, B. Garrido, P. Pellegrini, C. Garcia, J. Arbiol, 
J. R. Morante, P. Marie, F. Gourbilleau, and R. Rizk, Size 
dependence of refractive index of Si nanoclusters embed-
ded in SiO2, J. Appl. Phys. 98, 013523 (2005).

 55. M. Mansour, A. En Naciri, L. Johann, J. J. Grob, and 
M. Stchakovsky, Dielectric function and optical transitions 
of silicon nanocrystals between 0.6 eV and 6.5 eV, Phys. Stat. 
Sol. (a) 205, 845–848 (2008).

 56. A. En Naciri, M. Mansour, L. Johann, J. J. Grob, and 
H.  Rinnert, Influence of the implantation profiles of Si+ 
on the dielectric function and optical transitions in silicon 
nanocrystals, J. Chem. Phys. 129, 184701 (2008).

 57. C. Cimpean, V. Groenewegen, V. Kuntermann, A. Sommer, 
and C. Kryschi, Ultrafast exciton relaxation dynamics in sil-
icon quantum dots, Laser Photonics Rev. 3, 138–145 (2009).

 58. C. Delerue, G. Allen, and M. Lannoo, Theoretical aspects of 
the luminescence of porous silicon, Phys. Rev. B 48, 11024–
11036 (1993).

 59. A. Zunger and L. W. Wang, Theory of silicon nanostruc-
tures, Appl. Surf. Sci. 102, 350–359 (1996).

 60. J. Valenta, R. Juhasz, and J. Linnros, Photoluminescence 
spectroscopy of single silicon quantum dots, Appl. Phys. 
Lett. 80, 1070–1072 (2002).

 61. J. D. Holmes, K. J. Ziegler, C. Doty, L. E. Pell, K. P. Johnston, 
and B. A. Korgel, Highly luminescent silicon nanocrystals 
with discrete optical transitions, J. Am. Chem. Soc. 123, 
3743–3748 (2001).

 62. R. M. Sankaran, D. Holunga, R. C. Flagan, and K. P. Giapis, 
Synthesis of Blue luminescent Si nanoparticles using atmo-
spheric-pressure microdischarges, Nano Lett. 5, 537–541 
(2005).

 63. R. J. Walters, J. Kalkman, A. Polman, H. A. Atwater, and 
M. J. A. de Dood, Photoluminescence quantum efficiency 
of dense silicon nanocrystal ensembles in SiO2, Phys. Rev. B 
73, 132302 (2006).

 64. T. Suemoto, K. Tanaka, and A. Nakajima, Interpretation of 
the temperature dependence of the luminescence intensity, 
lifetime, and decay profiles in porous Si, Phys. Rev. B 49, 
11005–1109 (1994).

 65. D. Kovalev, H. Heckler, M. Ben-Chorin, G. Polisski, 
M. Schwartzkopff, and F. Koch, Breakdown of the k-conservation 
rule in Si nanocrystals, Phys. Rev. Lett. 81, 2803–2806 (1998).

 66. T. Takagahara and K. Takeda, Theory of the quantum con-
finement effect on excitons in quantum dots of indirect-gap 
materials, Phys. Rev. B 46, 15578–15581 (1992).

 67. H. Koyama and N. Koshida, Photo-assisted tuning of lumi-
nescence from porous silicon, J. Appl. Phys. 74, 6365–6367 
(1993).

 68. F. Herman and R. V. Kasowski, Electronic structure of 
defects at Si/SiO2 interfaces, J. Vac. Sci. Technol. 19, 395–401 
(1981).

 69. M. L. Brongersma, P. G. Kik, A. Polman, K. S. Min, and H. A. 
Atwater, Size-dependent electron-hole exchange interaction 
in Si nanocrystals, Appl. Phys. Lett. 76, 351–353 (2000).

 70. X. Wen, L.V. Dao, P. Hannaford, E.-C. Cho, Y. H. Cho, and 
M. A. Green, Excitation dependence of photoluminescence 
in silicon quantum dots, New J. Phys. 9, 337 (2007).

 71. L. Pavesi, Influence of dispersive exciton motion on the 
recombination dynamics in porous silicon, J. Appl. Phys. 80, 
216–225 (1996).

 72. J. Heitmann, F. Müller, L. Yi, M. Zacharias, D. Kovalev, and 
F. Eichhorn, Excitons in Si nanocrystals: Confinement and 
migration effects, Phys. Rev. B 69, 195309 (2004).

 73. I. Balberg, Electrical transport mechanisms in ensembles of 
silicon quantum dots, Phys. Stat. Sol. (c) 5, 3771–3775 (2008).

 74. M. Ben-Chorin, F. Müller, F. Koch, W. Schirmacher, and 
M. Eberhard, Hopping transport on a fractal: ac conductivity 
of porous silicon, Phys. Rev. B 51, 2199–2213 (1995).

 75. P. D. Calcott, K. J. Nash, L. T. Canham, M. J. Kane, and 
D. Brumhead, Identification of radiative transitions in highly 
porous silicon, J. Phys. Condens. Matter 5, L91–L98 (1993).

 76. J. M. Ziman, Principles of the Theory of Solids, 2nd edn., 
Cambridge University Press, Cambridge, U.K. (1972).

 77. A. Ourmazd, D. W. Taylor, A. Rentschler, and J. Bevk, 
Si→SiO2 transformation: Interfacial structure and mecha-
nism, Phys. Rev. Lett. 59, 213–216 (1987).

 78. H. Kageshima, M. Uematsu, K. Akagi, S. Tsuneyuki, 
T. Akiyama, and K. Shiraishi, Theoretical study on atomic 
structures of thermally grown silicon oxide/silicon inter-
faces, e-J. Surf. Sci. Nanotechnol. 4, 584–587 (2006).

 79. V. V. Afanas’ev, A. Stesmans, and M. E. Twigg, Epitaxial 
growth of SiO2 produced in silicon by oxygen ion implanta-
tion, Phys. Rev. Lett. 77, 4206–4309 (1996).

 80. C. Kaneta, T. Yamasaki, T. Uchiyama, T. Uda, and K. 
Kiyoyuki, Structure and electronic property of Si(100)/SiO2 
interface, Microelectron. Eng. 48, 117–120 (1999).

 81. T. Shimura, H. Misaki, M. Umeno, I. Takahashi, and J. Harada, 
X-ray diffraction evidence for the existence of epitaxial micro-
crystallites in thermally oxidized SiO2 thin films on Si(111) 
surfaces, J. Cryst. Growth 166, 786–791 (1995).

75500_C025.indd   24 3/23/2010   9:18:12 PM



Photoluminescence from Silicon Nanostructures 25-25

 82. W. A. Dollase, The crystal structure at 220°C of ortho-
rhombic high tridymite from the Steinbach meteorite, Acta 
Crystallogr. 23, 617–623 (1967).

 83. E.-C. Cho, M. A. Green, J. Xia, R. Corkish, and A. Nikulin, 
Atomistic structure of SiO2/Si/SiO2 quantum wells with an 
apparently crystalline silicon oxide, J. Appl. Phys. 96 3211–
3216 (2004).

 84. N. Pauc, V. Calvo, J. Eymery, F. Fournel, and N. Magnea, 
Electronic and optical properties of Si/SiO2 nanostructures. 
II. Electron-hole recombination at the Si/SiO2 quantum-
well–quantum-dot transition, Phys. Rev. B 72, 205325 (2005).

 85. H. Kageshima and K. Shiraishi, Microscopic mechanism for 
SiO2/Si interface passivation: Si=O double bond formation, 
Surf. Sci. 380, 61–65 (1997).

 86. N. Daldosso, M. Luppi, S. Ossicini, E. Degoli, R. Magri, G. 
Dalba, P. Fornasini, R. Grisenti, F. Rocca, L. Pavesi, S. Boninelli, 
F. Priolo, C. Spinella, and F. Iacona, Role of the interface region 
on the optoelectronic properties of silicon nanocrystals 
embedded in SiO2, Phys. Rev. B. 68, 085327 (2003).

 87. A A. Sa’ar, Y. Reichman, M. Dovrat, D. Krapf, J. Jedrzejewski, 
and I. Balberg, Resonant coupling between surface vibra-
tions and electronic states in silicon nanocrystals at the 
strong confinement regime, Nano Lett. 5, 2443–2447 (2005).

 88. A. Sa’ar, M. Dovrat, J. Jedrzejewski, I. Popov, and I. Balberg, 
The role of quantum confinement and surface chemistry in 
silicon nanocrystals at the strong confinement regime, Phys. 
Stat. Sol. (a) 204, 1491–1496 (2007).

 89. N. W. Ashcroft and N. D. Mermin, Solid State Physics, 
Saunders, Philadelphia, PA (1976).

 90. J. Singh, Physics of Semiconductors and Their Heterostructures, 
McGraw-Hill, New York (1993).

 91. G. Allen and C. Delerue, Efficient intraband optical transi-
tions in Si nanocrystals, Phys. Rev. B 66, 233303 (2002).

 92. A. S. Moskalenko, J. Berakdar, A. A. Prokofiev, and I. N. 
Yassievich, Single-particle states in spherical Si/SiO2 quan-
tum dots, Phys. Rev. B 76, 085427 (2007).

 93. J. S. de Sousa, J.-P. Leburton, V. N. Freire, and E. F. da Silva, 
Intraband absorption in silicon nanocrystals: The combined 
effect of shape and crystal orientation, Appl. Phys. Lett. 87, 
031913 (2005).

 94. O. O. Verzelen, R. Ferreira, and G. Bastard, Excitonic 
Polarons in semiconductor quantum dots, Phys. Rev. Lett. 
88, 146803 (2002).

 95. M. Mahdouani, R. Bourguiga, and S. Jaziri, Polaronic states 
in Si nanocrystals embedded in SiO2 matrix, Physica E 41, 
228–234 (2008).

 96. G. D. Mahan, Many-Particle Physics, 3rd edn., Kluwer, 
New York (2000).

 97. K. Hess and P. Vogl, Remote polar phonon scattering in silicon 
inversion layers, Solid State Commun. 30, 797–799 (1979).

 98. J.-Q. Lü and F. Koch, Polar phonon scattering at the Si-SiO2 
interface, Microelectron. Eng. 48, 95–99 (1999).

 99. For general reviews see: NATO ASI Series on Quantum Well 
Intersubband Transitions: Physics and Devices, E. Rosencher, 
B. Vinter, and B. Levine, Eds., Series B: Physics, Vol. 288, 
Plenum Press, New York (1992); (b) Series E: Applied 
Sciences, Vol. 270, Kluwer, Dordrecht, the Netherlands 
(1994); (c) Intersubband Transitions in Quantum Wells: 
Physics and Devices, S. S. Li and Yan-Kuin Su, Eds., Kluwer 
Academic, Boston, MA (1998).

 100. A. Sa’ar, S. Calderon, A. Givant, O. Ben-Shalom, E. Kapon, 
and C. Caneau, Energy subbands, envelope states, and 
intersubband optical transitions in one-dimensional quan-
tum wires: The local-envelope-states approach, Phys. Rev. B 
54, 2675–2684 (1996).

 101. D. Krapf, S. H. Kan, U. Banin, O. Millo, and A. Sa’ar, 
Intersublevel optical transitions in InAs nanocrystals 
probed by photoinduced absorption spectroscopy: The 
role of thermal activation, Phys. Rev. B 69, 073301 (2004).

 102. H. J. Hrostowski and R. H. Kaiser, Infrared absorption of 
oxygen in silicon, Phys. Rev. 107, 966–972 (1957).

 103. C. T. Kirk, Quantitative analysis of the effect of disorder-
induced mode coupling on infrared absorption in silica, 
Phys. Rev. B 38, 1255–1273 (1988).

 104. F. L. Galeener and G. Lucovsky, Longitudinal optical vibra-
tions in glasses: GeO2 and SiO2, Phys. Rev. Lett. 37, 1474–
1478 (1976).

 105. J. Martin, F. Cichos, F. Huisken, and C. von Borczyskowski, 
Electron–phonon coupling and localization of excitons 
in single silicon nanocrystals, Nano Lett. 8, 656–660 
(2008).

 106. C. Delerue, G. Allan, and M. Lannoo, Electron-phonon 
coupling and optical transitions for indirect-gap semicon-
ductor nanocrystals, Phys. Rev. B 64, 193402 (2001).

 107. M. D. Mason, G. M. Credo, K. D. Weston, and S. K. Buratto, 
Luminescence of individual porous Si chromophores, Phys. 
Rev. Lett. 80, 5405–5408 (1998).

 108. E. Lioudakis, A. Antoniou, A. Othonos, C. Christofides, 
A.G. Nassiopoulou, Ch.B. Lioutas, and N. Frangis, The role 
of surface vibrations and quantum confinement effect to the 
optical properties of very thin nanocrystalline silicon films, 
J. Appl. Phys. 102, 083534 (2007).

 109. A. A. Seraphin, S.-T. Ngiam, and K. D. Kolenbrander, 
Surface control of luminescence in silicon nanoparticles, 
J. Appl. Phys. 80, 6429–6433 (1996).

 110. S. Godefroo, M. Hayne, M. Jivanescu, A. Stesmans, 
M.  Zacharias, O. I. Lebedev, G. Van Tendeloo, and V. V. 
Moshchalkov, Classification and control of the origin of 
photoluminescence from Si nanocrystals, Nat. Nanotechnol. 
3, 174–178 (2008).

75500_C025.indd   25 3/23/2010   9:18:12 PM




