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Concerns over possible toxicities of conventional metal-containing quantum dots have inspired growing

research interests in colloidal silicon nanocrystals (SiNCs), or silicon quantum dots (SiQDs). This is related

to their potential applications in a number of fields such as solar cells, optoelectronic devices and

fluorescent bio-labelling agents. The past decade has seen significant progress in the understanding of

fundamental physics and surface properties of silicon nanocrystals. Such understanding is based on the

advances in the preparation and characterization of surface passivated colloidal silicon nanocrystals. In

this critical review, we summarize recent advances in the methods of preparing high quality silicon

nanocrystals and strategies for forming self-assembled monolayers (SAMs), with a focus on their bio-

applications. We highlight some of the major challenges remain, as well as lessons learnt when working

with silicon nanocrystals (238 references).

1. Introduction

Semiconductor nanocrystals, or quantum dots (QDs), are
attractive nano-materials because of their unique optoelectro-
nic properties. They possess strong absorption, size-tunable
photoluminescent (PL) emission, high quantum yield (QY) and
high stability against photobleaching.1 This is primarily due to
the confinement of charge carriers within the small physical
dimensions defined by particle size, or the quantum
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confinement effect.2,3 The methods of preparation, surface
properties and fundamental physics of compound semiconduc-
tor quantum dots have been well explored, including II–VI (e.g.
CdX, X = Se, S, Te),4–7 III–V (e.g. InP, InAs, GaAs),8–10 and IV–VI
(e.g. PbX, X = Se, S) quantum dots.11–13 More recently, their
applications in solar cells,14–16 optoelectronic devices17–19 and
fluorescent labelling agents20–24 have been recognized and
studied extensively, suggesting enormous potential for this
class of material for a number of applications. However, one
problem associated with traditional quantum dots is the use of
heavy metal elements, such as cadmium which is known to be
toxic to biological systems.25–27 Safety issues therefore have
hampered their development to some extent due to the current
regulation on the use of heavy metals for commercial pro-
ducts,27,28 which is particularly relevant with medically related
products for in vivo purposes.29–31

Silicon is one of the most important materials on earth. It is
abundant, relatively benign and widely used in microelectronic
industry. Although an indirect bandgap semiconductor material
and less interesting for light emitting device applications in the
bulk form, the quantum confinement effect has allowed effi-
cient fluorescence emission from silicon nanocrystals (SiNCs,
silicon quantum dots or SiQDs),32,33 with photoluminescence
(PL) quantum yield (QY) up to 60–75%.34,35 What we emphasize
here are ‘colloidal’ silicon quantum dots, or freestanding silicon
nanocrystals,36 as particles embedded in matrices such as thin
films are another significant area of studies and beyond the
scope of the current review. Two decades have passed since the
first reports on silicon nanocrystals,32,33 but challenges still
remain in various aspects of working with this type of material.
The first challenge is how to efficiently prepare high quality
colloidal silicon nanocrystals in a feasible manner. This
requires the particles to be made relatively simply with con-
trolled size and optical properties. For this aim size tunable
within 1–5 nm,37 emission wavelength spanning from blue
to near-IR (NIR) and QY above 10–15% are essential.38,39

Another challenge is how to effectively modify the surface of

silicon quantum dots, as freshly prepared silicon surface is
prone to oxidation.40,41 The impact of surface states is also
significant for particles at this dimension,42 due to the small
exciton Bohr radius for silicon of merely 4.2 nm.43 Both
challenges, combined with difficulties in characterization,
make SiNCs considerably more difficult to work with compared
with conventional metal based quantum dots.

In spite of these challenges, the past two decades have seen
rapid progress in methodologies in the preparation and surface
modification of silicon quantum dots. Colloidal silicon nanocrys-
tals can now be made with the desired optical properties and with
reasonably complex surface architectures. For the sections below,
we review critical steps of recent advancements in these areas.
Section 2 gives a brief summary on the distinct physical features of
quantum dots composed of silicon. In Section 3 and 4, methods of
preparation and strategies for surface modification are reviewed
respectively. In Section 5, we focus on recent developments on
applications of silicon quantum dots, highlighting fluorescent
imaging studies in biological contexts.

2. Physical properties

Semiconductor quantum dots (QDs) are considered as artificial
atoms: they exhibit discrete atomic-like density-of-states where
the physical dimensions strongly affect the allowed energies of
free electrons and holes.5 Relaxation of free carriers across
these discrete energy levels is a radiative process and yields the
emission of a photon of equivalent energy.44 The degree of
confinement experienced by the electrons and holes, and hence
emission wavelength, along with rates of radiative recombina-
tion, lifetimes, and quantum efficiency are largely governed by
the dimensions of the dot, as well as the properties of the host
material and surrounding barrier.5,45 In an idealised scenario
(e.g. a cubic dot with infinite potential barriers) the separation
between energy states of electrons and holes can be described
as the sum of the band gap energy of the host material, Eg, and
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energy contributions for each of the confined dimensions
(x, y, z) for the conduction and valence bands,46 as well as a
small contribution from exciton binding (not included):47

DE ¼ Eg þ
X

i¼x;y;z

�h2p2ni2

2di2
1

me
þ 1

mh

� �

Here di is the size of the QD in the ith dimension, n is the
quantum number, and me and mh are the effective masses of the
conduction band electrons and valence band holes, respectively.
For large nanocrystals the confinement energies are negligible,
however when the dimensions become comparable to the exciton
Bohr radius of the host material the confinement energies become
significant. These size-tuneable alterations of electronic states, and
thus optical features of the particle, make QDs a distinct class of
fluorophores.48 In practice there are many physical factors that
complicate the expected behaviour of electronic states and optical
properties in QDs; they include finite potential barriers, band-
offsets,49 surface mediated effects,50 band-structure related effects
(degeneracy, critical points),51 dark states, etc.52,53 These must all be
considered in understanding the details of the observed behaviour
of the light emission process in QDs.

The physical properties of quantum confined semiconduc-
tor heterostructures have been investigated extensively in com-
pound materials systems, such as III–V and II–VI QDs. Precise
physical deposition methods, such as molecular beam epitaxy,
have allowed the growth defect-free islands of low energy band
gap material (e.g. InAs) inside a wider band gap host (e.g.
GaAs).54,55 The host material acts as a potential barrier that
confines conduction band electrons and valence band holes
within the dots and also acts to passivate the structures against
surface related effects.54 III–V QDs, whilst having no utility in
bio-labelling applications, have provided a great deal of funda-
mental information on the nature of quantum confinement in
solid state systems and have significant applications in tech-
nological areas of optoelectronics and quantum informa-
tion.56,57 Chemically synthesised II–VI compound QDs are a
colloidal analogue of conventional III–V QDs: they have a core–
shell structure, where the wider band-gap semiconductor (e.g.
ZnS) provides a confining potential for the smaller band gap
(i.e. CdSe, CdTe etc.) core region.4,8 In addition, II–VI QDs have
an organic capping layer that stabilises the colloid in solution
and can be used for further functionalization for specific
applications.45 Synthesis is based on a mature process where
size dispersity and optical properties can be controlled with
excellent precision.45

2.1 Comparison between quantum dots and organic dyes

In general, essential physical features for fluorophores include
the absorption and emission profiles, spectral position, blink-
ing, full width at half maximum (FWHM), brightness, fluores-
cence lifetime, quantum yield and the Stokes shift1 (Table 1).

The most frequently used fluorophores today are organic
dyes, which are widely used in various biological and biochem-
ical assays.58 Although there are several reviews in literature
comparing the properties of QDs and organic dyes,1,45 empha-
sis is still given here due to the importance of the topic. In
comparison to conventional organic dyes, fluorescent QDs are
endowed with several attractive properties (Table 2).

One critical property of QDs as fluorophore is related to the broad
absorption profile accompanied by a narrow, wavelength-tunable
emission peak.59 The broad absorption spectrum of QDs allows
efficient excitation, which is desirable when the number of available
photons for excitation is limited. In fact, the broad absorption
spectrum has allowed much larger molar absorption coefficient
(up to 100 000 000 M�1 cm�1)59,60 of QDs compared with organic
fluorophores (up to 250 000 M�1 cm�1).61,62 In addition, the emis-
sion band of organic dyes are often unsymmetrical,63 whose red ‘tail’
is not seen in the emission profiles of QDs. Position of the emission
peak in QDs is also tunable by varying size of the particle,64 which is
not possible for organic dyes. This has made multicolour imaging
using QDs by the same incidence light source possible, whereas only
limited wavelength choices are available for dye staining.64

A second advantage of QDs over organic dyes is its high
quantum yield, especially in the near infrared (NIR) region. For
organic dyes, QY is usually high in the visible region, but below
20% in the NIR region.63 In the case of QDs, quantum yield can
reach up to 60% to 80% in both the visible and NIR region
depending on the core materials.65–68 A third major difference is
the significantly longer fluorescent lifetime of QDs compared with
organic dyes. Fluorescent lifetimes for most organic dyes are less
than 5 ns in the visible region and sometimes less than 1 ns in the
NIR region,69 causing difficulties for temporal discrimination
between fluorescence interference and scattering from the excita-
tion wave.69 In contrast, most QDs have fluorescent lifetimes to
10 ns, sometimes reaching several tens of ns even ms for red
emitting silicon quantum dots, allowing sensitive separation
between signals from auto-fluorescence and scattered excitation
light by time-gated imaging techniques.70

Due to the use of heavy metal elements in conventional QDs,
they are considered by many to be not suitable for large scale
bio-applications, particularly for in vivo applications. Therefore,
in this review we concentrate on the bio-applications of SiQDs.
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Table 1 Glossary of terms used

Absorption/emission band A range of wavelengths in the spectrum where a particular photon can be absorbed/emitted from a substance
Blinking Excited fluorophores emit light for limited time, disrupted by periods when no emission occurs
Full width at half maximum Width of the emission peak at which half of its intensity is observed
Brightness Product of the molar extinction coefficient and quantum yield, measured at the excitation wavelength
Fluorescence life time Time needed for intensity of fluorescence to decay to 1/e of its maximum value
Quantum yield Efficiency of the fluorescence process, defined as ratio of the number of photons emitted to the number of

photons absorbed
Stokes shift Difference of wavelength between the absorption/emission peaks
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However, SiQDs possess distinct physical properties compared
with conventional QDs, as we will explain in Section 2.2.

2.2 Important physical properties of silicon quantum dots

Unlike conventional core–shell QDs, silicon quantum dots
(SiQDs) are usually prepared with hydrogen, halogen or oxide
terminated surface. Due to the lack of a lattice-matched semi-
conductor barrier layer, surface properties are of particular
significance in defining the photophysics of SiQDs. The differ-
ent potential barriers affect the photoluminescence (PL) prop-
erties, including wavelength of the emission peak, appearance
of subsidiary peaks, quantum yield (QY) and fluorescence life-
time (t).71 In terms of the emission profile, absence of a
semiconductor shell reduces the degree of exciton confinement
in the core and broadens the emission peak. In practice, SiQDs
prepared via colloidal solution methods were predominantly
blue-green in colour, whilst red dots with broad emission can
only be prepared via high temperature or etching related
methods thus far (Fig. 1). In addition, there have been attempts
to red-shift the emission profile of blue emitting SiQDs by
doping with substituent atoms.72,73 Noticeably, because of the
small size of SiQDs, any dopant atoms incorporated are present
at concentrations that would be considered ‘heavy doping’ and
furthermore SiQDs may be doped stochastically, resulting in
sub-populations of doped and undoped SiQDs.74,75 In terms of
QY, the existence of imperfections and defects at the surface of
SiQDs can affect QY by providing alternative decay pathways.
In most cases, additional decay pathways associated with

surface capping ligands may become the dominant factor of
causing reduction in QY,76 and can lead to the appearance of
subsidiary blue/green emission peaks via surface-associated
recombination.42,71,77 Interestingly, certain electron donating,
nitrogen containing species at particle surface strongly increase
QY of SiQDs, as was shown in a recent study.35 It was suggested
that surface capping of SiQDs with organic ligands has led to
distortion of electronic structure, which was evidenced by
scanning tunnelling microscopy.77 Oxidation of larger SiQDs
has been shown to affect the crystallinity and core diameter of
the Si nanocrystals, reducing the QY and blue-shifting the
wavelength of emission peak.34,78 However, modification of
the SiQD surface with an organic monolayer can prevent the
long-term oxidation, providing more stable PL properties.79 In
terms of lifetime, short fluorescence lifetime (order of ns) in
SiQDs is often associated with core-related recombination.80

Much longer lifetime (order of ms) in SiQDs has been observed,
which was suggested to be due to the existence of ultrafast
trapping of excited carriers in surface states, preventing core
recombination.81

Conventional QDs are usually made from semiconductor
materials with a direct bandgap. The radiative transition path-
way in SiQDs is different in character from that of conventional
QDs because bulk silicon is an indirect bandgap semiconductor.
In terms of the bio-applications of SiQDs, a detailed discussion
of the SiQD electronic structure is beyond the scope of this
review. However, it is worth mentioning that the exciton recom-
bination rate is higher than that observed in bulk silicon because
quantum confinement increases the uncertainty in k vector,
meaning that previously unfavoured transitions are accessible.
Veinot et al. suggest that,36 as well as confinement, surface
effects may also be responsible for the observed rate of dipole-
mediated radiative decay. Because it can be difficult to separate
surface and confinement effects in free-standing colloidal nano-
crystals, some work has been done to study this transition in
systems where the SiQDs are embedded in a matrix.82

Similarly to conventional quantum dots, many preparations
of SiQDs display decreased PL when transferred into aqueous
solution. But the PL could be maintained by encapsulating
SiQDs in phospholipid micelles.83 The origin of PL quenching
of SiQDs upon transfer to aqueous media has been suggested to
originate from the formation of non-radiative oxide-related
states during surface treatments designed to render the SiQDs
water soluble.84 Despite this, water-soluble SiQDs have been
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Table 2 Comparison between QDs and organic dyes

Property Organic dyes QDs

Absorption profile Narrow, discrete bands, FWHM ranges from 35 nm to 80–
100 nm

Broad, unsymmetrical profile, increase steadily towards UV
region

Emission profile Asymmetric, FWHM 35 nm to 70–100 nm Gaussian profile, FWHM, 30–90 nm
Stokes shift Usually less than 50 nm Usually less than 100 nm
Quantum yield 0.5–1 (visible), 0.05–0.2 (NIR) 0.1–0.8 (visible), 0.2–0.7 (NIR)
Fluorescent lifetimes 1–5 ns 5–100 ns, up to ms for some red SiQD
Photochemical
stability

Sufficient in the visible region, but can be insufficient for NIR
dyes

High, sufficient in both visible and NIR regions

Multiple colours Possible by varying molecular structure Adjustable by varying size

Fig. 1 Photoluminescence spectra and corresponding fluorescence col-
ors of SiQDs produced by controlled etching conditions. Reprinted with
permission from Gupta et al.78 Copyright 2009 Wiley-VCH.
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shown not to suffer from photobleaching under conditions
which photobleached conventional organic dyes.80 Blinking of
PL fluorescence is a commonly-observed phenomenon in fluor-
escent molecules including SiQDs.85 Galland et al. have sug-
gested that the origin of blinking in semiconductor QDs is due
to a combination of multiple effects; (i) non-radiative recombi-
nation caused by excess charges; and (ii) charge fluctuations in
electron-accepting surface sites.86

Although SiQDs possess many of the desired physical prop-
erties for bio-applications, in order for them to be effective in
practical contexts, the effect of preparation method and surface
functionalization must be considered with respect to both
photophysical features and biological interactions. These aspects
will be reviewed in the following sections.

3. Methods of preparation

Numerous methods have been developed for preparing colloidal
silicon quantum dots (SiQDs). Similar to the methods of prepar-
ing many types of nanostructures, these methods can be roughly
classified as either ‘top-down’ approaches, i.e. breaking down
large pieces of silicon to smaller nanoscale pieces, or ‘bottom-up’
approaches that primarily rely on self-assembly processes using
molecule silicon precursor species. Due to the interdisciplinary
nature of some methods, a third class of methods can be
classified based on the involvement of both ‘top-down’ and
‘bottom-up’ components. Here, developments of methods for
preparing colloidal SiQDs are summarized.

3.1 The top-down approach

3.1.1 Etching of bulk silicon. One of the most popular
methods for preparing colloidal silicon nanocrystals (SiNCs)
is via etching of bulk silicon. Sailor et al. firstQ3 demonstrated this
process with a mixture of HF and H2O2 to electrochemically
etch porous silicon with the aid of ultrasound, created a
‘luminescent colloidal suspension’.87 The suspension was
found to contain nanometer-sized silicon particles with crystal-
line structures.87 Due to its relative simplicity, this approach
rapidly gained attention, and has been widely used ever
since.88,89 For instance, it was recently shown that etching of
silicon powder with the assistance of ultrasound and a combi-
nation of HNO3–HF produced silicon nanoparticles with con-
trolled wavelength of emission.89

In addition, Kang et al. developed a variant of the etching
method where the colour was tuneable from blue to red as
determined by the size of the particles (Fig. 2).90 In this design,
a graphite rod was used as the anode and silicon wafer as the
cathode. One of the keys to this method was polyoxometalates
where their unique ability to be an electron donor and acceptor
simultaneously was exploited.90 Altering the current density
was used to adjust the size of particles upon HF/H2O2 etching,
producing shape and size controlled hydrogen terminated
silicon nanoparticles with size ranged between 1–4 nm and
emission peak between 450–700 nm.90 The etching mixture was
further modified to provide control over the oxidizing environment

using a mixture of H2O2 and ethanol,91 such that the larger
particles (3 nm) were partially oxidized to yield small crystalline
silicon cores in an oxide shell. As a result, oxide coated silicon
nanocrystals of 1–3 nm with a rainbow of colours were
obtained.91 Although it has been reported elsewhere that
simple sonication of porous silicon without etching sometimes
yield photoluminescent particles,92–94 it is important to realize
that these micrometre sized particles contain domains of
silicon nanoparticles in them, rather than colloidal silicon
quantum dots which is the focus of this review.

3.1.2 Breaking down silicon rich oxides. A second class of
the top-down approaches is based on the breakdown of silicon
rich oxides containing silicon nanocrystals (Fig. 3). Usually,
silicon nanocrystals were annealed within a SiOx matrix, which
are formed from precursors such as silicon sub-oxides
(i.e. SimOn).96,97 The strategy was first reported by Liu et al.
where colloidal silicon nanocrystals were obtained by etching
away the oxide layer from thermally annealed, amorphous,
commercial SiOx powder.98,99 It was confirmed by TEM studies
that size of the final nanocrystals ranged from 2 nm to 16 nm
depending on etching conditions, and lattice fringes visible
through HR-TEM observations. Comparatively, Hessel et al.
utilizes thermal decomposition of hydrogen silsesquioxane to
produce bulk amount of silicon rich oxides as thin films under
high temperature.95,100–102 This is followed by controlled HF
etching to give colloidal, hydride terminated silicon quantum
dots with emission wavelength tuneable in the entire visible
spectrum.95,100–102 There have been other attempts of using
sol–gel polymer precursors for preparing silicon quantum dots,
however these methods have been reviewed in details else-
where,103 therefore are not included in the current review.

3.1.3 Advantages and drawbacks. To summarize, a major
advantage for most top-down methods is the good compatibility
with studies of flat or porous silicon structures in terms of
procedures used and techniques required. Also, most top-down
methods showed good control of emission wavelength that
cannot be easily achieved by other methods. However, the HF
frequently used is often in much higher concentration than
needed for preparing other silicon surfaces, with 48% HF
applied in some cases.38,83,89,104 The relative harsh conditions
required for the heat treatment of silicon rich oxides is also
critical for successful generation of nanoparticles within them
before the etching step, a process not easily approachable by
non-experts.95,102,105 Both issues have hampered these methods
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Fig. 2 Polyoxometalates assisted electrochemical etching process of
preparing colloidal SiNCs. Reprinted with permission from Kang et al.90

Copyright 2007 American Chemical Society.
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from progressing towards large scaled production or wide
applicability, due to the high safety risk involved and specific
techniques required for the processes.

3.2 The bottom-up approach

The alternative to the top-down routes mentioned above to
prepare colloidal silicon nanocrystals is via assembly of small
molecular precursors. That is, via a bottom-up approach.

3.2.1 Solution based precursor reduction. One class of
bottom-up procedures uses reducing agents in the presence
of silane precursors in solution. The method was initially
demonstrated by Heath in 1992, who showed that mixing SiCl4

and octyltrichlorosilane under high temperature and pressure
produced polydispersed silicon nanoparticles.108 Due to the
relative simplicity of the approach, numerous variants of this
method have been established. Examples include the use of
sodium naphthalenide (NaC10H8) as the reducing agent and

SiCl4 in glyme solution,109 or sodium (Na) as the reducing agent
and tetraethyl orthosilicate (TEOS) in a bomb reactor.110 Both
methods yielded silicon quantum dots with size of several
nanometers with visible blue luminescence.109 However, one
disadvantage was the poor control of particle size, with particle
diameter usually ranging over tens of nanometers within a
single batch.109 To assist with reducing particle size distribu-
tion, it was reported that addition of surfactant molecules to
the reaction mixture, to create inverse micelle environments,
provided a greater ability to control the size. This remarkable
improvement was first demonstrated by Wilcoxon et al.,111 and
more recently advanced by Tilley et al.80,106 In a typical experiment,
tetraoctylammonium bromide (TOAB), a phase transfer agent and
surfactant, stabilized the halogenated silane precursors in toluene,
allowing relatively homogeneous precipitation of silicon nanocrys-
tals within the inverse micelle upon addition of lithium aluminum
bromide.80,106 This method generated hydrogen terminated silicon
nanocrystals with narrow size distribution, i.e. FWHM of emission
peak below 80 nm and size of 2–3 nm within one batch.80,107,112,113

Generally this method produces only blue luminescent colloidal
silicon nanocrystals. To date it is still difficult to obtain a full range
of colours with the reduction method. Furthermore, separating the
surfactant from the reaction mixture is not a trivial task,107 albeit
not impossible with size-exclusion chromatography.113 To avoid the
tedious purification steps, it was recently shown that silanes with
carbon rich side chains can function as a replacement for the
surfactant TOAB.114 This led to very facile methods of preparing
silicon nanocrystals with essentially no purification processes,114

while at the same time giving easily accessible surface moieties for
further functionalization.115 Again however the Q4quantum dots
obtained are only blue in colour (Fig. 4).

3.2.2 Development of Zintl salt based approaches. A sec-
ond class of reaction for the bottom-up preparation of silicon
nanocrystals utilizes silicon Zintl salts (i.e. ASix, A = Na, K, Mg
etc.). Typically with this class of method a silicon Zintl salt is
reacted with silicon halides, or bromine gas. For instance,
Kauzlarich et al. prepared silicon nanocrystals via reactions
between potassium silicide (KSi) and SiCl4 in boiling glyme or
diglyme solution109,116–120 (Fig. 5). Relevant FT-IR analysis confirmed
that the prepared nanoparticles were initially halogen species coated
but further functionalized with methoxy groups during the work up
step in which methanol was used for washing.119 A comparable
method was developed by using sodium silicide (NaSi) and ammo-
nium bromide (NH4Br). The method also gave blue luminescent
silicon nanocrystals with average size of B4–5 nm but with reason-
ably large amounts of tens of milligrams per batch.121 Comparative
results were obtained for reaction between magnesium silicide
(MgSi2) and bromine gas (Br2),122 as well as between NaSi and SiCl4
in boiling glyme solution.117

3.2.3 Advantages and drawbacks. Recognized features of
the bottom-up methods are: First, they are more often based on
colloidal ‘chemical’, rather than ‘physical’ means, and hence
more readily performed in solution. Second, usually common
reagents and equipment that are compatible with conventional
bench top chemistry are used. This also made surface chem-
istry of the particles more easily accessible, which is essential
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Fig. 3 Preparation of colloidal silicon nanocrystals by breaking down
silicon rich oxides containing nanoparticles within them. Reprinted with
permission from Hessel et al.95 Copyright 2006 American Chemical
Society.
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for both preparation and characterization. Finally, it is not
uncommon with these methods to yield good amount of
products with reasonable quality, an important factor to con-
sider when scaling up the production for application contexts.

In contrast, an obvious problem with solution bottom-up
methods is the lack of full spectrum of colour, with only blue-
green colour accessible to date. Regardless the fact that red
emitting dots can be made with laser pyrolysis and non-thermal
plasma synthesis, variation of particle emission wavelength
with the bottom-up approach has this far only been achieved
by further etching the particles with concentrated HF, which is

essentially a top-down approach. Also, although there are recent
reports demonstrating very high QY SiQDs can be synthesized
by this class of method,35 particles prepared using bottom up
approaches usually exhibited much lower quantum yield compared
with top-down approaches, with quantum yield rarely exceeds 15%.

3.3 Precursor decomposition and re-assembly

A third class of methods typically involves the decomposition
precursor species containing silicon heteroatoms and re-assembly
processes to form SiQDs. Methods belonging to this class are
distinct to previously discussed methods due to the multiple
processes needed, which usually involve both the top-down and
bottom-up steps.

3.3.1 Preparation in supercritical fluids. One method to
decompose precursor species and re-assemble residues to
nanoparticles is pioneered by Korgel et al., who showed suc-
cessful synthesis of silicon nanocrystals in supercritical
fluids.101,123,124 In a typical set-up, alkoxy-coated crystalline
silicon were prepared by allowing the degradation of diphenyl-
silane under high pressure and high temperature.123 The reac-
tion was performed in a mixture containing octanol and
hexane, which was heated to 500 1C and applied with pressure
of 345 bar.123 This approach generated silicon nanocrystals
with comparatively good yield of 0.5–1.5% (several tens of
milligrams) per batch and quantum yield of up to 5%, arguably
due to good surface passivation of the octanol layer.123,124 In a
recent report by He et al., it was shown that thermolysis process
could be achieved by microwave heating, with silicon nano-
wires and glutaric acid as the precursor species.125 The pre-
pared silicon quantum dots were measured had an average size
of B3.1 nm, had good water dispersity, high pH/temperature
stability, and excellent biocompatibility.125

3.3.2 Laser pyrolysis. Laser pyrolysis has emerged as a
powerful tool for generating freestanding silicon nanocrystals.
This procedure was first demonstrated by Cannon et al., using a
set-up that involved the focus of a high power laser beam on
a stream of silane gas.87,126 Laser irradiation induced high
temperature of up to 1000 1C close to the point where the beam
intersected with the gas, allowing formation of silicon nano-
crystals in this area.87,126 In spite of the initial success of this
method, strong photoluminescence was detected only in limited
cases in subsequent studies, when pyrolysis products were etched
with HF, and yield of final product was usually very low.127–131 Li
et al. recently advanced this method by first preparing silicon
nanoclusters of up to 50 nm, achieved via CO2 laser induced
pyrolysis of SiH4 gas in an aerosol reactor.38 This treatment was
followed by controlled etching using a mixture containing highly
concentrated hydrofluoric acid (HF) (48%) and nitric acid
(HNO3).38 It was reported that silicon quantum dots with colour
tunable in the entire visible spectrum can be prepared in a rate of
B20–200 mg per hour with quantum efficiency lies in the range
between 2–15%,38,132 with high efficiency up to 39% became
achievable in more recent work.133

3.3.3 Plasma synthesis. In addition, although more often
used for preparing nanoparticles embedded within thin films,
it was established that non-thermal plasma could also be used
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Fig. 4 Preparation of colloidal silicon nanocrystals via solution based
precursor reduction. HR-Tem images confirm crystal structure of the
particles obtained, with fluorescence in the UV-blue region under UV
excitation. Reprinted with permission from Tilley et al.106,107 Copyright
2010 American Chemical Society.

Fig. 5 Zintl salts based synthetic methods of preparing SiNCs. Reprinted
with permission from Yang et al.116 Copyright 1999 American Chemical
Society.
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for the synthesis of freestanding silicon nanoparticles. In
principle, hot electrons in the plasma result in dissociation of
precursor molecules, such as SiH4.134 This process initiates the
nucleation step, and subsequent anion-molecule interactions allow
the growth of particle core.134 As particle density increases and ion
density decreases, eventually the growth rate slows down. Since the
unsaturated SinHm clusters are positively charged, electrons readily
attach to them, causing the clusters to be electrostatically confined
in the plasma.134 This is a critical difference to other pyrolysis
methods (i.e. thermal or laser) in which there is essentially no
mechanism to stop particle growth. One of the successful examples
of synthesizing freestanding silicon nanoparticles with this method
was shownQ5 by Vierra et al., with particles size measured being
B10 nm.135,136 Kortshangen et al. and Oda et al. also succeededQ6

in demonstrating several plasma processes, producing silicon nano-
particles ranges from a few to several tens of nanometers.34,39,137–145

The design shown by Kortshangen et al. was able to produce silicon
nanocrystals with quantum yield of up to 60%, the highest value
reported to date.34 Variants of the methods were reported by
different groups, including the use of microwave discharger that
operated at low,146 or atmospheric pressure,147 respectively.

3.3.4 Advantages and drawbacks. A clear advantage of methods
belonging to this class is the wide choices of colour of particles
obtained. Unlike most of the bottom-up, solution based methods,
where only blue-green colours are accessible, red to orange fluores-
cence can be obtained using majority of procedures belonging to
this class. This is particularly favoured for bio-applications due to the
existence of tissue window which lies in the range between
B650 nm to B1000 nm. Another advantage is the high quantum
yield from many procedures. QY for some of the non-thermal
plasma methods can reach up to 60–70%, which cannot be easily
achieved by most solution methods. A third advantage of methods
belong to this class is that for certain gas-phase, plasma based
method, production of silicon ‘nano-inks’ at industrial scale has
become achievable, nevertheless direct evidence of whether these
nanoparticles are ‘quantum dots’ is still unavailable.134,141

One disadvantage of methods belonging to this class is the
use of specialized equipment. Temperature required for decom-
posing the precursor species is often very high, despite in some

non-thermal plasma processes the actual operating tempera-
ture is close to room temperature. Highly toxic chemicals and
procedures (i.e. HF etching) are often used, which requires
strict control of every step in the preparation process due to the
safety concerns.

4. Surface modifications

In contrast to the well-established methods of surface modifi-
cation for II–IV semiconductor quantum dots,148 very different
procedures are used for forming self-assembled monolayers
(SAMs) on colloidal silicon quantum dots. Despite the use of
silica shell for surface modification in some cases,149–151 probably
the most common approach for introducing surface moieties to
colloidal II–IV quantum dots is still via ligand exchange.152 Ligand
exchange principle relies on replacing surfactant molecules with
ligands with strong affinity with surface of quantum dots, using
thiols,153–156 polymers,157–159 or certain inorganic ligands.160 How-
ever, comparable surface modification techniques for SiNCs
typically require the formation of robust covalent linkages, usually
between surface silicon atoms and carbon, nitrogen or oxygen
species161 (Table 3). This is particularly important in preventing
the oxidation of pristine silicon surfaces. Despite increasing
interests in the surface passivation of SiQDs, complete character-
ization of the surface remains a challenge. The challenge is
particularly evident when considering the incomplete coverage
of organic monolayers on flat and porous silicon surfaces.161–166

In this section, we discuss recent methodological advances in
surface modification of colloidal silicon quantum dots.

4.1 Wet-chemical based modification strategies

4.1.1 Formation of SAMs by hydrosilylation. Hydrosilyla-
tion is arguably the most important method of surface mod-
ification for colloidal silicon nanocrystals (SiNCs). Performing
hydrosilylation reaction on SiNCs is in a way similar to the
widely used approach for assembling organic monolayers on
bulk silicon surfaces, as first demonstrated by Linford and
Chidsey.40,41 Fundamentally speaking, hydrosilylation requires
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Table 3 Schematic of strategies of surface modification of colloidal silicon quantum dots by forming covalent linkages

Surface of SiQDs Surface modification strategies Example of distal moieties

Alkane
Alkene
NH2

COOH

Hydrogen
Alkane
–OH
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the preparation of hydrogen terminated colloidal SiNCs. This
step can be achieved by solution based reduction,107–109 use of
silicon Zintl salts,117–120 etching,38,84,91,104,167 or the use of non-
thermal plasma,34,39,141,142,168 as described in Section 3. The
prepared hydrogen-terminated silicon nanoparticles processes
a distinct Si–H peak at B2100 cm�1 by FT-IR measure-
ments.38,39,104,118,119,141,169 Notice this absorption band is not
necessarily shown on all reports. For example, direct evidence
for this bond is still absent with some solution reduction based
methods, regardless of strong indication of Si–H presence
according to subsequent chemistries of successful grafting of
surface molecules.80,106,107,112,113,170 Interestingly, the Si–H
bond on silicon quantum dots exhibits subtle differences
compared with its bulk counterparts. For instance, the HF
etching rate on silicon nanocrystals was shown to be much
slower than that on bulk silicon, with only several nanometers
per minute on particles versus micrometers per minutes on
bulk.38,104,171 It was argued that a likely cause for the slow rate
is the presence of fluorinated ions on the curved surface.38,172

Furthermore, it was reported that HF alone often could not
completely remove all oxides,38 but the addition of ethanol and
HNO3 to the etching mixture greatly assisted the production ofQ7

oxide free particle surface (Fig. 6).105,172

The Si–H bonds on nanocrystals then readily react with
alkene or alkyne moieties to form robust Si–C bonds on silicon
nanocrystals under thermal, photochemical, or in rarer cases
catalytical treatment (Fig. 1).170 It was shown that both UV and
near-UV irradiation allowed the attachment of alkenes on
SiNCs’ surface,84,132,173 but the reaction rate was slower on
larger particles using near-UV light of 365 nm.84,173 Thermal
methods have been equally successful with the hydrosilylation
processes, with heating at 140 1C for 20 hours shown to attach
alkenes on hydrogen terminated silicon quantum dots.103 In
addition, common catalyst for hydrosilylation reaction, such as
chloroplatinic acid (H2PtCl6) was used to initiate the reac-
tion,107 though at a rate slower than thermal or photochemical

activation.170 In a recent report by Korgel et al., it was shown
that the process could occur even at room temperature with
certain biofunctional alkenes, arguably because of the car-
boxylic acid facilitated nucleophilic attack on the curved sur-
face.174 Due to the wide choices of the distal moieties of the
surface molecules, it has been demonstrated that hydrosilyla-
tion allowed direct coupling of various polar (i.e. –NH2,
–COOH, –SO3

2�) or non-polar (i.e. alkyl, alkenyl) moieties to
the surface of silicon nanocrystals.115,175–177

Understanding the details of the mechanism of hydrosilylation
is still the focus of intense studies and debates on bulk silicon
surfaces, and much less work has been done with silicon quan-
tum dots than bulk silicon. However, increasing evidence sug-
gested that hydrosilylation on silicon nanocrystals happened in a
comparable manner to flat or porous silicon84,167,173 (Fig. 7).
Recently, it was depicted that hydrosilylation occurred via either
a free radical or exciton mediated mechanism on particle sur-
face.84,173 In the free radical initiated process (Fig. 7a), a hydride
homolysis step due to thermal or photochemical treatment leads
to the generation of free radicals, which allow the addition of
alkene moiety in a chain of propagation process. In the exciton
activated mechanism (Fig. 7b), no radical is generated, but
photochemical generated excitions allow directly addition of
nearby alkene moieties with the Si–H bonds, a comparable
process to what happens on bulk silicon (Fig. 7c).84,173

4.1.2 Modification of halogen coated silicon nanocrystals.
A second route of surface modification for silicon nanocrystals
is based on reactions of the surface Si–Cl or Si–Br moieties.
Silicon quantum dots with chloride surface are usually pre-
pared by the reaction of silicon Zintl salt (ASi: A = Na, Mg, K)
and SiCl4, as discussed in Section 3.2.2.109,116,118,119 The strong
electrophilic reactivity and versatility of the Si–Cl bond were
utilized for the attachment of a range of surface molecules.
For example, rinsing chloride coated particles with methanol/
water resulted in hydrophobic methoxy surfaces; common
nucleophilic reagents such as alkyl lithium and Grignard
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Fig. 6 Attachment of different surface moieties to SiNCs via hydrosilylation. The reaction is initiated by photo-, thermal or catalytical treatment. Left: (a)
unmodified silicon quantum dots showed instable photoluminescence. (A) immediate after preparation, (B) after 1 day, (C) after 12 days in toluene. (b)
Grafted particles with improved PL stability. (A) immediately after preparation, (B) after 35 days, (C) after 60 days in toluene. Middle: FT-IR spectra of
silicon quantum dots with a range of surface groups (a) hydrogen, (b) vinyl acetate, (c) styrene, (d) ethyl undecylenate, (e) 1-dodecene and (f) undecanol.
Right: modified silicon quantum dots have improved dispersity in solvents and strong fluorescence (top). The surface groups were characterized by 1H-
NMR spectroscopy (bottom). Reprinted with permission from Li et al. and Hua et al.38,104 Copyright 2004 & 2005 American Chemical Society.
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reagents allow alkyl attachments;116,117 treatment of Si–Cl
terminated particles with LiAlH4 or butyl-amine produced Si–H
and Si–NH-butyl terminated particles, respectively.80,106,170,178

Furthermore, the methoxy functionalized particles were subjects
for further modifications, in a serendipitous discovery by Kauzlarich
et al., hydrolysis of surface Si–Cl occurred with methanol/water
washing,120 and dots were further functionalized with alkyl-
trichlorosilanes, generating particles with siloxane-alkyl surfaces.120

Noticeably, silicon nanoparticles with siloxane cross-linked surface
exhibit much higher stability of blue fluorescence for up to several
months, in a sharp contrast to particles terminated with chloride or
alkoxy surface that only lasted forQ8 two weeks (Fig. 8).120

4.1.3 Advantages and drawbacks. The wet-chemical
approach of surface modification to colloidal silicon nanocrystals
has shown notable advantages: its compatibility with conventional
bench-top chemistry allowed relatively simple experimental set-ups;
most procedures are performed in solution, which is funda-
mentally important for applications such as ink printing and
fluorescent labelling agents. However, such strategies suffer a
few drawbacks. For instance, problems are sometimes encoun-
tered with complications of the air-sensitive techniques, which
usually require the use of a Schlenk line or glove box. Another
downside is the low boiling point of many small organic
molecules that may be employed for the modification reaction,
which often leads to reduction of reaction temperature to
minimize evaporation. The resultant lower temperature
extends reaction time, which can be for tens of hours before

the final products are ready for collection. Furthermore, a
minor disadvantage is the occasional agglomeration of the
functionalized silicon nanocrystals in solvents, seen as a cloudy
suspension from a macroscopic point of view. This phenom-
enon is primarily caused by the non-equilibrium competition
between the attractive van der Waals forces and the interactions
of the organic surface groups that stabilize particles in solution.

4.2 Surface passivation by plasma-surface interactions

In view of the above mentioned issues, and to explore new
routes of surface modification for colloidal silicon nanocrys-
tals, plasma assisted passivation has emerged as an alternative
route to the wet-chemical approach. Based on the state of the
plasma environment used, here we classify these methods into
either aerosol, or liquid-phase plasma methods, respectively.

4.2.1 Aerosol-based plasma modification. One class of
plasma-aided method of grafting molecules to the surface of
silicon quantum dots involves gas-phase plasma grafting. The
procedure was first demonstrated Q9by Liao and Robert,179 who
showed assembly of alkene, alkyne, amine and aldehyde mole-
cules on to aerosolized silicon nanocrystals.179 The method was
recently further developed by Kortshagen et al.34,39,134,141,144,169

Typically, an aerosol-based functionalization procedure requires a
two part system. The first part is a synthesis component with the
principle described in Section 3.3.3 (Fig. 9). In the second part,
silicon nanocrystals with no surface groups were transferred by an
argon gas stream into a chamber reactor, into which a vapour
mixture containing desired organic molecules and argon gas was
injected.141 Vapor pressure and flow rate could be controlled by
changing the bubbler equipped on the flow tap. Due to the
continuous flow of the gas mixture, silicon nanocrystals were
eventually collected on the filter as an orange and fluffy powder
film.141 The obtained particles were surface-functionalized, show-
ing organic surface moieties with confirmed by related FT-IR
features, which were similar to liquid-phase modifications.141

4.2.2 Plasma functionalization in the liquid phase. In
addition to the aerosol-based functionalization, coupling
plasma with silicon nanocrystals in the liquid phase has been
shown to modify the surface of particles with organic mono-
layers.180–185 Several approaches were developed for liquid-
phase plasma functionalization, including the use of pulsed
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Fig. 7 Proposed mechanism of hydrosilylation on silicon nanocrystals as a free radical (a) or exciton (b) initiated processes, in comparison with exciton
mediated hydrosilylation on bulk silicon (c). Reprinted with permission from Kelly et al.,173 Copyright 2011 American Chemical Society.

Fig. 8 Modification of chloride-terminated silicon nanocrystals. The elec-
trophilic reactivity and versatility of the Si–X moieties are used to introduce
various surface groups.
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laser,186 direct current,187 and the use of high frequency micro-
plasma.185 In particular, one technique utilized direct current to
generate atmospheric pressure plasma between the electrode
and surface of the colloidal dispersion.187 In a typical set-up, the
distance between end of the metal electrode and liquid surface
was maintained between 0.5–1 mm. A counter electrode made of
a carbon rod was placed B2 cm away from the metal tube, inside
which was supplied with Ar or He gas. With the application of
high voltage of up to 2 kV, plasma was sustained and current was
maintained between 0.5 mA and 5 mA.187 This allowed the
grafting of a number of molecules to the surface of silicon
quantum dots.187 Comparatively, microplasma was shown to
be generated within a thin quartz capillary using a set of ring
electrode made from copper.188 Surface grafting of organic
molecules were confirmed by FT-IR studies, which were similar
to the direct-current microplasma approach.188

Although surface engineering on silicon nanocrystals using
plasma in the liquid phase is a relatively new concept, the
available data still gave some mechanistic insights into how the
modification reaction occurs. It was argued that using direct
current to generate the plasma may externally ‘inject’ electrons
in the liquid phase, which induces a cascade of radical events
on the particle surface, allowing the addition of organic mole-
cules.188 There has been no report so far showing the exact
mechanism of how ultra-high frequency microplasma initiated
any subsequent chemical reactions, but comparable character-
ization data of particle surface chemistry suggests a dominant
role of plasma-electron interactions at the particle surface.188

4.2.3 Advantages and drawbacks. Here we reiterate the
advantages and drawbacks of plasma assisted functionaliza-
tion. As an alternative approach to the wet-chemical methods,
one advantage of the plasma method is that the particles are
negatively charged throughout the grafting process. Due to the
inter-particle repulsion, the aggregation of nanocrystals clus-
ters is minimized.134 A second advantage is the particle con-
finement to the central part of the reactor. This is primarily
caused by charged reactor wall that minimizes diffusion loss
between particle–wall interactions, which could significantly

influence the yield of the final products.134 A third advantage is
the selective particle heating so that the actual operation
temperature does not need to be very high. This is particularly
true for non-thermal plasma functionalization, as the particles
can be selectively heated up to hundreds of Kelvins higher
compared to the surrounding gas.39 This allowed the actual
operation temperature of the equipment to be quite low, some-
times close to the room temperature.134 Last but not least, once
set-up, the experiment is usually very rapid, with grafting
process usually take only a few minutes, compared to normally
hours of reaction time needed for wet-chemical methods. The
major disadvantage of the plasma method is the particular
expertise needed to construct the entire set-up. Another issue is
the non-solution environment. Both aspects are critical factors
to consider for large-scale, low cost processing in applications
such as ink printing and fluorescence imaging agents.

4.3 Multi-step surface modifications

There is increasing interests in further engineering of the SAM
architecture after the initial modification process. Two issues
are identified for single stepped surface passivations: first,
when the desired surface molecules have more than one func-
tional group, it is more favoured to use a multi-step approach
than a single-step strategy, so that competition of reactions
between the reactive moieties can be minimized. Second, some
surface molecules are hard to synthesize and often obtained in
small quantity, it is therefore easier to attach these molecule
onto the first SAM, rather than directly coupling with surface
silicon species. In practice, the most challenging aspect of
surface passivation is often how to preserve optical properties
of the particles and introduce surface functionalities at the
same time. This problem can be better addressed with a multi-
step process. An early example of direct modification on the
first SAM layer was shown by Kauzlarich et al., who demon-
strated successful synthesis siloxane coated Q10particles via an
intermediate hydroxyl terminated step (Fig. 10).120

Recently, Shiohara et al. reported a reaction chain by
first modifying hydrogen terminated particles with hexadiene
molecule,107 then further utilized the distal alkene group to
produce epoxy, then diol functionalized particles.107 In addi-
tion, Ruizendaal et al. and Cheng et al. used thiol–ene ‘click’
approach of functionalization, first prepared alkene-passivated
silicon quantum dots, then further reacted the terminal alkene
moieties with thiol molecules with a number of distal
groups.115,177 Due to the broad choices of commercially avail-
able thiols, this has allowed the production of colloidal silicon
nanocrystals with a range of choice of surface functionalities.

4.4 Characterizing the surface

When characterizing the surface chemistry of colloidal silicon
quantum dots, two questions are of immediate concerns. The
first concern is what molecular species are actually present on
the surface. It was shown that a combination of NMR, IR and
XPS studies can generally give a picture of the molecular
species present. The second concern is the degree of surface
coverage of the SAM. It was reported that surface coverage of
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Fig. 9 Typical experimental set-up for aerosol plasma functionalization of
silicon nanocrystals (left). Silicon nanocrystals functionalized by this
method showed similar FT-IR features compared with liquid-phase meth-
ods. Reprinted with permission from Mangolini et al.141 Copyright 2007
Wiley-VCH.
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the organic monolayer was from B55% on average to B80% at
best for flat silicon (1 0 0) and silicon (1 1 1) surface,161

respectively. Porous silicon showed similar degree of coverage
with highest reported value being 60%.164 However, studies on
the level of monolayer coverage for silicon quantum dots are
still rare, though several reports are present across the literature.
One study by Hua et al. used XPS integrated peak area to indicate
approximately 50% of monolayer coverage for 1.5 nm nanocrys-
tals in plasma assisted modification of particle surface.132 Inter-
estingly, the Si 2p peak measured in this work was at 102 eV, a
position usually corresponds to oxides of bulk silicon, regardless
both XRD and HR-TEM studies confirmed crystalline structure of
the particles measured. Another study for estimating the level of
surface coverage was reported by Swihart et al., who used thermo-
gravimetric analysis (TGA) and 1H-NMR with an internal standard
to show almost complete coverage of surface silicon atoms by
photo-initiated hydrosilylation.132 However, to date no single
method has been widely adopted to determine surface coverage
rate for silicon nanoparticles, arguably due to the difficulty in
accurate size measurement and complication of the actual surface
chemistry, which could be different to what was observed for flat
silicon surfaces.

4.5 Impacts of surface chemistry on properties and
theoretical studies

The surface chemistry for II–IV quantum dots and porous
silicon has been well explored, and its importance for these
nano-structured materials widely appreciated. Therefore it is
unsurprising to recognize the critical role of surface chemistry
for the understanding and applications of silicon nanocrystals,
discussed in this section.

First, control of surface chemistry allows control over the
dispersity of particles in different solvents. As many solution
based methods employed dry organic solvents, products
obtained often were often Si–H terminated, a moiety prone to
oxidation and incompatible with hydrophilic solvents. Extra
surface modifications steps are required to enable particles to
be dispersible with the solvent of choice, including water.
Second, due to the small size of silicon nanocrystals, and hence
large proportion of surface atoms, surface states plays a pivotal
role in the optoelectronic properties of silicon nanocrystals, as
discussed in Section 2.2. Despite the enormous efforts dedi-
cated to methods of preparing and surface modifying silicon

nanocrystals, much fewer studies have been focused on the
relationship between the optical response and surface chemis-
tries.42,189–192 There has been general agreement that quantum
confinement, or particle size in this context, is a critical factor
affecting wavelength of emission for all quantum dots. Surpris-
ingly, silicon nanocrystals fabricated via etching methods
usually emit in the red end of the visible spectrum,38,167

whereas those prepared by solution reduction methods often
emitted blue or green colour which appeared to be independent
of particle size.106,120,170 A recent study showed that a possible
origin of the blue luminescence from silicon nanocrystals was
related to the surface effect, especially due to the presence of
nitrogen species on the surface.42 Although different colours
can be achieved by size separation,76 in a joint study Q11by the
Kaulzlarich, Tilley and Veinot group42 (Fig. 11), it was shown
that mixing hydrogen terminated silicon quantum dots with
nitrogen containing species in the presence of oxygen induces
generation of the blue peak, with increased peak height with
prolonged exposure level. Last but not least, introduction of
bio-active moieties allows specific binding of the particle
surface with the target molecules. As an essential attribute for
any fluorescence imaging agent, specific interaction of the
luminescent label with biological entity of interests (i.e. DNA,
proteins etc.) is of paramount importance for studies. More
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Fig. 10 Several multiple-step modification strategies. Both methods shown here rely on the preparation of alkene-functionalized particles. Reprinted
with permission from Shiohara et al.107 (left) and Ruizendaal et al.177 (right). Copyright 2010 American Chemical Society. Copyright 2011 Wiley-VCH.

Fig. 11 Increased nitrogen species on the surface of silicon nanocrystals
induces blue luminescence. Reprinted with permission from Dasog et al.42

Copyright 2013 American Chemical Society.
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recently, it was shown that by engaging silicon with hard donor
molecules, hypervalent interactions can provide both colloidal
stability as well as doping SiQDs.193

Due to the specific techniques used for successful grafting of
surface molecules, theoretical calculation has emerged as a
powerful method to assist with studying the impact of surface
chemistry. An early study by Brus et al. suggested direct band
gap transitions at blue emission of H terminated, ultrasmall
(o2 nm) silicon quantum dots,194 which agreed with recent
data obtained from many reduction methods.80,106,170 Accord-
ing to density function theory based calculations, it was shown
that the alkyl group minimally changed the optical properties
of silicon quantum dots compared with Si–H particles.195

Altering the amount of sulfur on the surface lead to change
of optical output.195 In addition, a recent reported suggested
that hydrosilylation increased the emission intensity, but the
carbon chain length did not significantly affect the absorption
and emission wavelength (Fig. 12).189 Meanwhile, increasing
surface coverage of the monolayer molecules only caused slight
red-shift in the absorption spectrum, with little change in the
emission profile.189 Further calculations suggested significant
decrease of both excitation and emission energy of silicon
nanocrystals, but removing the carbon coating may further
improve the charge carrier properties of the nanoparticles.196

Among the various types of modifications, ab initio calculations
suggested that introducing amine groups significantly alter

emission behaviour of silicon nanocrystals for chloride coated
particles,197 which had smaller bandgap compared with hydro-
gen terminated particles.198 Similarly, for fluorine passivated
particles, surface effect became a more dominant factor to
emission wavelength than quantum confinement for particles
with size above 1.4 nm.190 Furthermore, for oxygen bonded
silicon quantum dots, it was shown that the absorption energy
was not heavily affected by the surface oxygen species, but
emission wavelength red-shifted due to the presence of oxygen
species on the surface.192

5. Silicon quantum dots for
bio-applications
5.1 Fluorescent imaging

The potential of colloidal quantum dots in fluorescent bio-
imaging applications has been well recognized. Such applica-
tion is particularly relevant to quantum dots emit in the near
infrared (NIR) region of 650 nm to 900 nm, due to the existence
of tissue window in which light absorption and scattering is
minimized. In spite of the numerous studies of fluorescence
imaging using CdSe quantum dots, the first report involving
SiNCs was not published until 2004 by Li and Ruckenstein.199

This work rapid attracted much attention, and a number of
reports have been published ever since.83,106,121,200,201

The most typical approach for bio-imaging using silicon
nanocrystals is in vitro studies that show the uptake of particles
by cell via endocytosis. For instance, Alsharif et al. reported the
intracellular internalization of alkyl-functionalized SiNCs in
human neoplastic and normal primary cells.202 It was found
that cellular uptake rate was significantly faster for malignant
cells in comparison with normal cells, and endocytosis was
influenced by certain cholesterol derivatives.202 Warner et al.
reported Q12cellular uptake of blue-luminescent, amine coated
quantum dots, with no acute cellular toxicity observed.106,112

He et al. used silicon quantum dots embedded in oxide to form
nanoparticle spheres, demonstrated several endocytosis pro-
cesses.37,201 Importantly, silicon quantum dots in these studies
were functionalized with any bio-functional moieties to target
the particles to any specific locations in the cell. Hence,
particles simply are located throughout the cell and therefore
further modification of the particles to Q13ensure targeted inter-
actions are required for practical considerations (Fig. 13).

Phospholipid-encapsulated systems have shown promise in
bio-imaging applications of fluorescent nanoparticles. The
advantages of using phospholipids include the good colloidal
stability and low non-specific adsorption.22 Erogbogbo et al.
first demonstrated this process for SiNCs using hydrophobic
SiNCs encapsulated in phospholipids to form micelle-type
structures83 (Fig. 1). The particle–micelle system exhibited
reasonable quantum efficiency (2%) and biocompatibility, as
demonstrated by in vitro imaging studies with HeLa cells.83

A major benefit of this technique is that it offers a range
of engineering choices on the micelle shell. For example,
it was shown that modifying the phospholipid layer with
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Fig. 12 Energy level diagrams of silicon quantum dots with different distal
moieties at (a) ground state and (b) excited state. (c) Radiative recombina-
tion rate. FHP: full hydrogen passivation. Reprinted with permission from
Wang et al.189 Copyright 2012 American Chemical Society.

13 | Chem. Soc. Rev., 2013, 00, 1�21 This journal is �c The Royal Society of Chemistry 2013

Review Article Chem Soc Rev



1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)
ligands allowed the chelate of paramagnetic Gd ion.203 Alter-
natively, coupling the micelle layer with a dye donor allowed
fluorescent resonance energy transfer (FRET) to happen,204

improving the undesired situation ofQ14 fluorescence loss after
encapsulation (Fig. 14).204

One issue with fluorescent bio-imaging using silicon nano-
crystals is the low excitation wavelength. The excitation wave-
length for SiNCs is often in the UV-blue, a region that is outside
of the tissue window (650–900 nm) so relevant to in vivo
applications. One strategy to avoid the low wavelength excita-
tion is using two photon techniques,206 where particles are
excited by two photons of half the energy.206 It was shown that
both excitation and emission can be achieved in the NIR
wavelength.207 Another issue is sometimes the large hydrody-
namic diameters (>10 nm) for phospholipid-coated dots that
could potentially lead to slow degradation rate.208 Since most
bio-imaging applications require the fluorescent label to be
selectively attached with a biological entity, small particle
radius, good colloidal stability and bio-active surfaces are
equally important for bio-applicable silicon nanocrystals. It
seems that these criteria can be best met with functionalization
with self-assembled monolayers (SAMs).205,209 For instance, a

recent report by Zhong et al. showed long term cellular imaging
of cell nuclei for up to 60 min with no photo bleaching.205

Erogbogbo et al. showed selective uptake of colloidal silicon
nanocrystals by cancer cells.209 That was achieved by covalently
modifying the particles via EDC/NHS reaction with bio-
molecules including lysine, folate, antimesothelin and trans-
ferrin.209 After incubation with pancreatic cancer cells, folate
and antimesothelin conjugated particles were selectively inter-
nalized by the cell.209

5.2 Silicon nanocrystals for magnetic resonance imaging

An emerging field of using silicon nanocrystals in biomedical
contexts is to explore their potential as MRI contrast agents.
Although silicon by itself is not paramagnetic, paramagnetism
can be achieved by adding paramagnetic species to the fluor-
escent dots to generate multimodalities.203,206,210 It was shown
that when co-encapsulate SiNCs with paramagnetic Fe3O4

nanoparticles within phospholipids, the micelle exhibited both
fluorescence and paramagnetism.210 Comparably, paramagnet-
ism can be introduced by doping Mn directly to the particles,206

or with attachment of a Gd-chelate on particle surface,203 both
resulted in prolonged T1 relaxation time that is desired for MRI
applications. Although ‘doping’ is the term used here, direct
evidence of alteration of the electronic structure is still lacking.
The available data suggested most ‘doping’ attempts of silicon
nanocrystals are more likely to be coordination of foreign
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Fig. 13 Silicon nanocrystals encapsulated within phospholipid micelles.
TEM images suggest silicon nanocrystals containing phospholipid is sev-
eral tens of nanometers in diameters in size. Uptake of the micelle is
demonstrated by fluorescence imaging of Hela cells incubated with the
particles. Reprinted with permission from Erogbogbo et al.83 Copyright
2008 American Chemical Society.

Fig. 14 Immunofluorescent cell imaging by confocal microscopy. Illu-
strated as staining of microtubules by FITC (Green) and nucleus by silicon
nanocrystals (blue), showing no photo-bleaching of SiNCs under one hour
constant illumination. Reprinted with permission from Zhong et al.205

Copyright 2013 American Chemical Society.
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species onto particle surface, rather than distortion of the
lattice structure that was observed recently with cadmium or
indium based dots.75,211–213 Furthermore, it was recently
reported that larger silicon nanoparticles (d B 350 nm) possess
ultra-long 29Si magnetic hyperpolarization time which extends
to tens of minutes in vivo.214,215 This is remarkable as an issue
for the current MR active agents is the poor signal to noise
ratio, which can be greatly improved by the state of hyperpolar-
ization of 29Si via dynamic nuclear polarization (DNP).214,215

5.3 Silicon quantum dots as a less toxic alternative to
conventional quantum dots

One of the more attractive aspects of SiQDs for use in vivo is the
low intrinsic toxicity of silicon as a material. During the past-
decade, advances in synthetic and surface chemistry have
allowed the preparation of monodisperse, photostable quan-
tum dots (QDs) in aqueous solutions, inspiring the design of
novel fluorescent labelling agents.20,23,148,216 However, the core
materials of these quantum dots often contain heavy metal
elements, such as cadmium (Cd). Due to the known toxicity of
the Cd element to biological systems, there have been intense
debates over whether to use them in imaging contexts.217,218

Although the toxicity issue of QDs has been extensively
reviewed elsewhere,27 we still highlight some of the most
critical aspects here due to the importance of this topic.

Investigations into the toxicity of quantum dots began with
studying in vitro effects. Those studies indicate that QDs associated
cytotoxicity may be primarily caused by release of cadmium ions, or
the generation of free radicals.219 On the one hand, the cadmium
core may contribute to biological damage caused by the QDs. One
of the first systematic investigations was performed by Derfus and
coworkers, who reported DNA/cell damage employing CdSe quan-
tum dots with a variety of coating ligands.25 In particular, it was
shown that CdSe release cadmium ions after UV exposure, leading
to cell and DNA damage.25 This result was supported by several
other reports, suggesting the cytotoxic effects may be reduced to
some extent by the coating with different surface ligands, such as
mercaptoacetic acid (MAA), bovine serum albumin (BSA), mercap-
toundecanoic acid (MUA), cysteamine (QD-NH2) or thioglycerol
(QD-OH), mercaptopropionic acid (MPA) and polyethylene glycol
(PEG).27,31 However, cytotoxicity cannot be completely eliminated
as cell/DNA damage was observed after long term exposure to high
concentration of surface coated QDs.25,27,31 On the other hand,
another series of in-depth studies showed the generation of reactive
oxygen intermediates (ROI) under UV may also contribute to the
quantum dots (QDs) toxicity. Inspired by the work of Green and
Howman, who demonstrated DNA nicking takes place immediately
upon the addition of QDs in dark conditions,220 electron para-
magnetic resonance (EPR) studies suggested the formation of
superoxide radicals from CdS dots, and hydroxyl radials from CdSe
dots respectively.221 Based on their results, Ipe et al. concluded that
although type and amount of radicals differ from each dot, ROI is
indeed produced by QDs.221

Concerns about the toxicity of ‘conventional’ QDs steered
researchers towards finding cadmium-free alternatives, and
in recent years a plethora of candidates have been brought

to light. Indium-based QDs including InP and InP/ZnS QDs
with the latter being demonstrated for pancreatic cancer ima-
ging.222,223 Alternatively, CuInS2–ZnS core–shell QDs have been
demonstrated for sentinel lymph node imaging in both visible
and near-IR region.224–226 Zinc compounds that are often used as
the shell material in conventional QDs have been put forward as
a cadmium-free core material. By doping zinc-based QDs with
heavy metal ions, strong emission in the visible region has been
achieved.227 ZnS:Mn/ZnS core-doped core–shell QDs were used
in vivo for tumour imaging,228 and recently Maity et al. compared
the performance of three doped QD materials (Mn doped ZnS,
Mn doped ZnSe and Cu doped InZnS) in vitro.229

Silicon is an attractive material for the preparation of
cadmium free QDs because it is non-toxic in its bulk form
and is readily degraded to silicic acid, which can be excreted in
the urine.230 Silicon has even been suggested as a trace nutrient
or food additive.231,232 Recently, a number of studies have
demonstrated the low in vitro toxicity of SiQDs.202,233,234 With
respect to in vivo studies, silicon’s benign nature has inspired
applications in tumour vasculature targeting, sentinel lymph
node mapping and multicolour imaging in mice.208 It was
shown that phospholipid encapsulated silicon quantum dots
showed minimal in vivo toxicity at particle concentration up to
B380 mg kg�1, a much higher value compared with studies
performed with CdSe/ZnS quantum dots.208,235 Recently, Liu
et al. performed in vivo toxicity studies of SiQDs in mice
and monkeys and found no overt signs of toxicity at dose of
200 mg kg�1.133 Neither monkey nor mice showed signs of
toxicity at this dose. However SiQDs did not seem to degrade as
expected, and histological tests did not indicate any toxicity
in monkey (Fig. 15).133 Positron emission tomography (PET)
analysis suggested that after injection, most SiQDs are rapidly
excreted via renal filtration with the remainder accumulating in
the liver for weeks with no acute toxicity observed, regardless a
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Fig. 15 Histological images of rhesus macaques indicate no toxicity of
silicon nanoparticles after 3 months of injection at dose of 200 mg kg�1.
Images shown were tissues sample obtained from (a) brain, (b) heart,
(c) liver, (d) spleen, (e) lung, (f) kidney, (g) lymph, (h) intestine and (i) skin
at 40 times magnification. Reprinted with permission from Liu et al.133
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level of inflammation response was observed.133,236 With all
nanoparticle toxicity studies it is important to note that cap-
ping ligands, targeting moieties, nanoparticle shape, size and
surface chemistry can all elicit a cellular response.237 For
example, it was suggested that the surface chemistry of semi-
conductor QDs may significantly alter the potential for aggre-
gation, and control of interface architecture have a significant
impact on particle clearance from the body.238 Hence it is vital
to perform a full toxicological characterization of the nano-
material system as it will be used in the clinic in order to elicit a
full picture of the organism’s response.

6. Summary and future perspectives

In this critical review, we aim to bring together the current most
relevant knowledge on the preparation, surface modification
and bio-applications of colloidal silicon nanocrystals. Even
though some of the early reports on silicon quantum dots were
published almost twenty years ago,33,108 acceleration of
research in this area was not seen until the new millennium.
This is largely due to the slow progress in methodologies in
the above mentioned sections, especially with preparation
methods. The past decade has seen significant progress in
these areas. As discussed in Section 3, high quality colloidal
silicon quantum dots can now be prepared by a variety of routes
via breaking down large pieces of materials or assembly of
small molecular precursors. Monodisperse particles can now be
prepared with good quantum yield and with reasonable control
on emission, even though specific expertise is often required
for such outcomes. As discussed in Section 4, the reactive
particle surface is readily modifiable with well-developed,
bench-top silicon chemistry, represented by the extensive use
of hydrosilylation, and reactivity of halogenated particle surface.
These modification techniques expanded the possibilities of utiliz-
ing colloidal silicon nanocrystals in more technology relevant con-
texts, such as labelling agents and sensing devices, where control of
optical properties and molecular recognitions play key roles. Further
motivation for the use of SiQDs in vivo, as an alternative to
conventional metal containing QDs is given in Section 5.

Several factors to consider when working with colloidal
silicon nanocrystals are: (i) Selection of preparation methods.
This is particularly important when considering concentrated
HF, or harsh pressure/temperature conditions were sometimes
used when making the particles. Much differing to the
thorough mechanistic understanding of growth kinetics of
cadmium dots, there currently still lacks a feasible solution
method with thorough control of size/shape and optical
features for silicon quantum dots. (ii) Strategies of surface
modifications. This is a mandatory step required after the
initial preparation in most cases and impact of the surface
states is significant to emission features. Surface modification
is also essential for attaching bio-recognition moieties to the
particles. Hence we predict that surface modification techni-
ques of silicon quantum dots will draw more attentions in the
future. (iii) Characterization. Although the small particle size

sometimes offers convenience to simple characterization meth-
ods such as IR and solution NMR spectroscopy, characteriza-
tion of the surface structures can be very problematic as
modification of surface constructs progress. In practice more
time can be wasted on knowing what is on the surface than
preparing the particles itself. It is therefore important to
consolidate the tool sets of characterization. The combined
toolkit of preparation, characterization and application of
SiQDs is a burgeoning field which shows great promise towards
the goal of routine fluorescence imaging in vivo.
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