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M etamaterials have optical properties that are unprecedented in
nature. They have opened new horizons in light manipulation, with the
ability to bend, focus, completely reflect, transmit, or absorb an inci-
dent wave front. Optically active metamaterials in particular could be
used for applications ranging from 3D information storage to photo-
voltaic cells. Silicon (Si) particles are some of the most promising
building blocks for optically active metamaterials, with high scattering
efficiency coupled to low light absorption for visible frequencies.
However, to date ideal Si building blocks cannot be produced by bulk
synthesis techniques. The key is to find a synthetic route to produce Si
building blocks between 75-200 nm in diameter of uniform size and
shape, that are crystalline, have few impurities, and little to no porosity.
This Review provides a theoretical background on Si optical proper-
ties for metamaterials, an overview of current synthetic methods and
gives direction towards the most promising routes to ideal Si particles

for metamaterials.

1. Introduction

A wide variety of technologies harvest, manipulate and
generate light, such as energy production, communication,
the entertainment industry, medical diagnosis and treatment,
sensing and manufacturing. Metamaterials offer optical
properties that do not exist in natural materials. They can
be engineered by arranging optically small particles to obtain
a desired electromagnetic behavior. This Review focuses on
metamaterials composed of silicon (Si) particles. These
particles, often called meta-atoms, have a particular resonant
electromagnetic response to light. The metamaterial proper-
ties may ultimately be obtained via the collective electro-
magnetic behavior of the meta-atoms,"! however, the indi-
vidual light-scattering of the meta-atoms must be carefully
engineered by controlling the composition, size, shape,
density and crystallinity.

Smith et al. demonstrated in 2000 that induced resonant
currents may generate a strong magnetic polarization in
response to the magnetic field of an electromagnetic wave.?!
This report broke the long-accepted rule that magnetism is
ineffective at GHz frequencies and above. Unprecedented
extraordinary optical properties requiring optical magnetism
such as negative refractive index suddenly became conceiv-
able, and were achieved shortly after in the microwave
range.¥ Such properties lead to super-lensing and trans-
formation optics, making it possible to envision applications,
such as cloaking or optical computing. By miniaturizing meta-
atoms, the operating frequencies were decreased from micro-
waves to the limits of the visible spectrum ¥

Meta-atoms that are active in the visible portion of the
spectrum must demonstrate either plasmonic or Mie reso-
nance. Because of the intense interaction with the electric
portion of electromagnetic radiation through localized sur-
face plasmon resonances, gold and silver nanoparticles were
the focus of early metamaterial designs. Through a precise
spatial arrangement of plasmonic nanoparticles, artificial

optical magnetism has been achieved in visible light through
both top-down fabrication®™ and bottom-up self-assem-
bly_[u-m]

However, despite the undeniable early success of plas-
monic systems in generating novel optical properties, it
rapidly became clear that the optical losses inherent to
plasmonic resonances constitute a severe limitation for the
realistic application of metamaterials. Optical losses not only
spoil the amplitude of the resonances, but also result in strong
light absorption, hence making optical devices inefficient.
All-dielectric metamaterials overcome these problems, pro-
viding an alternative to plasmonic devices."” The high value
of the real part n of the refractive index N=n+ik, in
combination with a relatively low absorption coefficient k
compared to plasmonics (Figure 1), leads to low losses: the
losses of Si are 10 to 500 times lower than silver across the
visible range. These conditions make Si one of the best
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candidates for metamaterials, exceeding the efficiency of
meta atoms based on plasmonic silver and gold.

To show visible scattering, Si meta atoms should fulfill
a number of requirements. The particles should be pure in
composition, monodisperse in shape and size, crystalline, non
porous and have a diameter approximately between 80 and
280 nm."*?” We will discuss the importance of each of these
factors, as well as the effects of deviating from the ideal case.

The synthesis of Si particles with the aforementioned
requirements represents a long standing challenge. Since the

first observation of visible photoluminescence in porous Si,?'
great efforts have been made to produce Si nanomaterials
with controlled size, phase and morphology. A variety of
synthesis techniques has been explored to produce Si nano
structures for anodes in lithium ion batteries,”” light emitting
quantum dots (QDs),*” light harvesting devices,” and drug
delivery systems.”!

Past Reviews on Si have focused on Si exhibiting
luminescent properties,”**¥ or as possible anodes for lithium
batteries.”” To date, all the Reviews and textbooks addressing
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Figure 1. The real (n, solid lines) and imaginary (k, dotted lines) parts
of the refractive index N(Z) of crystalline Si (blue) and amorphous

Si (red). The refractive index of silver (green) is shown for reference.
The data used in the graph are reproduced from Refs. [16 18].

Si for use in metamaterials discuss the fundamental optics
behind its visible light scattering.!>#%!

Herein we present silicon based metamaterials from
a chemist’s perspective, disscussing the synthesis of Si
particles in view of their potential application to metamate
rials. We will address the most promising bottom up tech
niques, as well as individual experimental parameters, particle
nucleation and growth, crystallization, densification, and
surface functionalization. We will clarify for physicists what
can realistically be produced and give direction to the
chemists who synthesize dielectric meta atoms. The concept
of all dielectric metamaterials built from Si meta atoms is
a relatively new one,?” necessitating an overview of the state
of the art to lead the scientific community towards a techno
logical breakthrough in all dielectric metamaterials.

2. Theoretical background

Gustav Mie addressed the interaction of electromagnetic
waves with spherical homogeneous particles of arbitrary size
many years ago.” It consists of absorption (heat dissipation
inside the sphere) and emission of a scattered field towards
external space. The scattering power of the particle is
quantified by the scattering cross section, defined as the
ratio of the total scattered power (in Watts) to the irradiance
of the incident field (in Watts per unit area). It has dimensions
of area and is often usefully normalized by the geometrical
cross section mR? to yield the dimensionless scattering
efficiency.®™ This scattering efficiency can be larger than
one, meaning that the particle resonator interacts more with
light than its simple geometrical optics would suggest. The
Mie theory expands the scattered light in a series of super
imposing multipolar contributions. For particles smaller than
the wavelength of the impinging light, the dominant contri
butions are dipolar, followed by quadrupolar, and so on.
Under particular conditions, electromagnetic field resonances
occur inside the sphere in response to the incident light, which

may result in very high scattering efficiencies. Although the
algebra of the Mie theory is tedious, the origin of the Mie
resonances is clear if we see the sphere as an optical cavity. In
a flat optical cavity of thickness d (where d is the distance
between two flat reflecting mirrors) constructive interference
occurs when the cavity contains an integer number of half
wavelengths (d = %). Similarly, Mie resonances occur when
the wavelength A, inside the particle is comparable to the
diameter d of the dielectric sphere (Figure 2). A first dipolar
resonance displaying a maximum in the magnetic field inside
the sphere is observed for 4,~ d. A second dipolar resonance
of electric nature occurs when 4,~ 3!%*? Other terms of
higher multipolar order in the Mie expansion generate
resonances at shorter wavelengths but with decreasing
strength as the scattering efficiency decreases with multipolar
order.

d
+—>
lm . ll/nm Ap = Afn

Figure 2. When an electromagnetic wave passes from a host matrix
with refractive index n,, to an inclusion of higher index n, its wave

length becomes shorter by a factor % 7= The first Mie resonances

occur when the wavelength inside the spherical particle 4, bis
comparable to its size d. 4, is the vacuum wavelength.®' For a bulk
composite material made of such inclusions, the optical homogeneity
conditiond 1,<4,, requires n>n,,>1.

Figure 3 illustrates the distribution of the electric and
magnetic fields in space for the dipolar Mie resonances. At
the magnetic Mie resonance, a circular polarization current is
induced within the particles in response to the incident field,
this current generates a magnetic dipole, perpendicular to the
incident electric field, oscillating at the same frequency as the
excitation wavelength (Figure 3, top).!*?"! Similar field maps
are found for the electric Mie resonance by switching the roles
of the electric and magnetic field, hence resulting in strong
scattering of the electric dipole (Figure 3, bottom).

The condition for a Mie resonance Apad is in contra
diction with the homogeneity condition of a bulk material
which requires meta atoms to be much smaller than the
wavelength 4,, in the matrix. These two conflicting conditions
can be simultaneously satisfied if the real part n of the
refractive index of the material constituting the meta atom is
significantly larger than the index of the matrix since da
=~ =2« if n>n,>1 (Figure 2). In the visible range,
crystalline Si appears to be the best candidate among all
known materials because of a high refractive index n near 4
across the visible range (Figure 1). Moreover, the low values
of the imaginary part k (relating to light absorption) warrant
a sharp and intense resonant response in the visible. Intense
Mie resonances have been simulated and observed in silicon
spheres*"*
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Figure 3. a) The magnetic dipole (top) and electric dipole (bottom) oscillating with the incident
electric field of light. b) The field distributions calculated inside the particle for the magnetic dipole
resonance (top) and the electric dipole resonance (bottom). The arrows of the field distribution
indicate the orientation of the induced electric or magnetic field within the particle for each mode.

Adapted with permission from Ref. [15].

b X-Z plane

Y-X plane We will address Si spheres, which can be

readily obtained using bottom up synthesis
and provide strong Mie resonances in the
visible spectrum for diameters between 75
200 nm.

3.1. Size and Crystallinity

There is a quasi linear dependence of
the wavelength of the Mie resonances on
the Si particle diameter. Simulated scatter

3. Structure—Property Relationships in Si Particles:
Theoretical Modeling and Experimental Results

The particle properties, for example, size, shape, porosity,
and crystallinity, affect the scattering behavior of Si meta
atoms. This section presents structure property relationships
derived from the well established Mie theory of spherical
particle scattering,™ along with some exemplifying exper
imental results. The influence of the degree of crystallinity,
porosity and the thickness of the oxide passivating coating are

especially important.
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ing spectra (Figure 4) show that efficient
visible light scattering occurs for particles
between 75 200 nm. As the particle diam
eter increases, the magnetic and electric
resonances redshift (Figure4). This size
dependence is a strong advantage over
plasmonic nanoparticles since it enables
fine tuning of the resonance wavelength. It
is also a strong constraint since size poly
dispersity will reduce the wavelength selectivity. Note how
ever that broadband applications may accept some degree of
size dispersion.

In the case of amorphous Si particles, the electric and
magnetic scattering peaks are slightly redshifted and less
intense than for crystalline Si particles of the same diameter.
The difference in the scattering spectra arises from differ
ences in the imaginary part k(4) of the refractive index. For
crystalline Si, k(1), which corresponds to the absorption
coefficient, falls off quickly above 400nm (Figure 1)."®
However, k(1) decays slowly for amorphous Si and vanishes
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Figure 4. The magnetic and electric dipole scattering are computed using the Mie theory for spherical crystalline (left) and amorphous (right) Si
particles with diameters ranging from 75 to 200 nm. The host medium is water.



150 nm % 15

<100 nm

o
©

e
(=2}

Intensity (a.u.)

i)
2

E/E

450 500 550 600 650 700 750 800450 500 550 600 650 700 750 800

Wavelength (nm)

Wavelength (nm)

Figure 5. a) The color of emitted light as a function of Si particle size. The particles are polycrystalline. b) SEM image of evaporated Si spheres
ranging in size from 165 240 nm. The dark field optical microscopy images show how the optical response changes with particle diameter.

c) Experimental and d) theoretical spectra of individual particles scattering p polarized light from an incident angle of 65°. Simulated electric field
distributions for incident wavelengths of €) 635 nm and f) 525 nm within a Si particle. Images reproduced with permission from Refs. [33,34].

only at the infrared limit above 800 nm."” This consideration
should not discourage the chemist who manages to produce
large (ca. 100 nm) monodisperse amorphous Si beads, which,
even if not ideal, exceed the efficiency of magnetic meta
atoms based on plasmonic materials such as silver and
gold.[*" Moreover, as amorphous Si has lower light absorp
tion for higher frequencies, and large, amorphous Si particles
are interesting for infrared applications.

The theoretical results presented so far are confirmed by
several experimental studies. Kutznetsov and co workers
produced Si particles of various sizes by femto second laser
ablation.™ A laser pulse induced the evaporation of a Si
droplet, where the laser power applied led to a precise Si
droplet diameter. The droplets condensed on a substrate to
form Si particles Dark field microscopy and scattering
spectroscopy of these particles showed the predicted redshift
in the scattering wavelength as Si particle diameter increased.
Zywietz et al. also used dark field scattering spectroscopy to
show a clear redshift in the optical response with increasing
particle size (Figure 5b).

Zywietz et al. used laser ablation to produce Si particles of
controllable size and degree of crystallinity.™ The energy
irradiated by the laser determines the size of the particles,
while irradiation of the as formed particle with one or more
successive laser pulses induces partial or total crystallization.
By controlling the laser energy and number of pulses, they

were able to separately investigate the effect of size and
crystallinity. Figure 6 shows the scattering spectra of three
particles of the same diameter (161 nm), but having a different
degree of crystallinity (amorphous, 70 % crystalline and fully
crystalline). The measured results support the simulated
trends: both the magnetic and electric scattering resonances
blueshift and increase in intensity with an increasing degree of
crystallinity from 0 to 100 %.

3.2. Porosity

Porosity reduces the real part of refractive index in Si
particles,” hence reducing the wavelength ratio 2. Pores
abate the global index of the pure material due to the lower
refractive index of the air, water or solvent which fill this
space. The extent of this effect depends on the pore volume
and the nature of the matter filling the pores. Under
atmospheric conditions, it is likely that microporous Si will
have water filling the pores, as it has been shown that a porous
material having silanol groups on its surface and a pore
diameter of 2 nm will fill its pores through capillary action at
45% relative humidity and above.™ If a humidity free
environment is maintained throughout the synthesis and
material processing steps, porous Si will present air filled
pores. Both water (n=1.33) and air (n=1), have a lower
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Figure 6. Experimental (blue line) and simulated (red line) scattering
spectra for a) amorphous, b) 70% crystalline and c) fully crystalline Si
particles of the same size (161 nm), Inset: dark field microscopy
images of measured Si particle. Reproduced with permission from
Ref. [33].

refractive index than Si. Therefore, compact, dense Si has
a higher refractive index with respect to porous Si, and,
accordingly, higher scattering efficiency. When designing the
synthesis of Si meta atoms, it is important to consider how

Magnetic resonance

Total scattering

Increasing

porosity affects the scattering properties. We have modelled
the effect of porosity, assuming that water is filling the pores
and using a simple Maxwell Garnett mixing law (Figure 7).
However, the same trend exists for pores full of air. We see
that as porosity becomes more significant in a crystalline Si
sphere, the scattering efficiency decreases and the scattering
wavelength blueshifts. As we discussed in Section 2, the ratio
between the wavelength and the refractive index should be
equal to the particle size in order to observe Mie scattering.
This condition imposes that the Mie resonances in a porous Si
sphere appear at shorter wavelength with respect to the dense
particle. Even so, a Si particle having 30% porosity still has
interesting optical properties! Thus chemists should still test
the optical scattering properties of Si particles that are less
than ideal in terms of their density.

3.3. Surface chemistry

Surface chemistry is a critical parameter for chemists
working in nanomaterials. The optical and electronic proper
ties, dispersibility, particle aggregation, stability towards
corrosion and degradation are all affected by surface chemis
try. Without post synthesis functionalization, Si meta atoms
have surfaces passivated with a native layer of SiO,. We
simulated the effect of a passivating SiO, shell on the
scattering properties of a Si particle having a diameter of
100 nm in water (Figure 8). As the thickness of the passivating
film increases, the resonance peaks blueshift and their
intensity decreases, which is simply due to a reduction in
the core size of crystalline Si through the growth of an oxide
shell. The shell has a refractive index (ca. 1.4) close to the
index of water (ca. 1.33) and thus exhibits a minimal optical
effect. If, on the other hand, the surrounding medium is air,
growing asilica shell around a crystalline Si sphere of constant
radius results in a weak redshift, becoming appreciable for
shell thicknesses exceeding several tens of nanometers.
Evlyukhin and co workers simulated Si particle arrays
with a 10 or 30 nm oxide coating in air and found a weak
redshift of the scattering with respect to arrays of
uncoated Si particles."”

It is safe to consider that a particle of outer radius R
and oxide shell thickness e optically behaves like a bare
Si sphere of radius (R ¢) in water. This is also true in air
for native oxide layers which do not exceed an e=2 to
3 nm.”! However, an oxide layer thicker than 3 nm
would only be grown if the particles were heated in the
presence of oxygen.

Currently, there are no publications reporting the
characterization of the Si meta atom surface state. We
assume that the surface of meta atoms produced so far

500 700
Wavelength (nm)

Figure 7. The scattering efficiency shifts as a function of porosity. Scattering
by a dense, crystalline Si sphere of 200 nm is shown in brown. Water was

assumed to be filling the pores. A water volume fraction of 5% (red),
10% (orange), 15% (green), 20% (light blue), 25% (dark blue), and
30% (purple) was modelled.

» by top down®** or bottom up™®! methods are coated
with a thin native oxide layer. The formation of an oxide
layer can in principle be avoided by functionalizing the
Si surface with stabilizing ligands. In most cases
however, this will not be necessary since this surface
oxidation has a marginal optical effect on Si meta
atoms having a diameter of hundreds of nm. Moreover,
the oxide layer can be usefully exploited to function
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Figure 8. Scattering efficiency computed for a 100 nm crystalline Si
particle with shell thickness, e, transitioning from no passivating
layer (dark blue) to an 8 nm SiO, coating (yellow).
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We have discussed how the par
ticle characteristics ~ size, crystallin

Increasing reactivity

ity, porosity and surface chemistry
affect the optical scattering of Si
meta atoms. Chemists should con
sider these structure property rela
tionships when designing a synthesis
route for the bottom up production of efficient Si meta
atoms. In particular, the size requirement should be met, as
strong optical scattering is observed for particles within the
range 75 200 nm.

of reactivity.

4. Synthetic Techniques and Parameters Affecting
Silicon Particle Properties

Section 3 clearly illustrates how the structural properties
of Si particles affect their optical scattering. No one has yet
made ideal Si meta atoms through bottom up chemistry;
however, trends exist in the literature that can be extrapo
lated to achieve these ideal dielectric meta atoms. By
combining the lessons learned from different systems dense,
crystalline Si particles of 75 200 nm in diameter should be
accessible. In Section 4 we will present the most common
precursors used in Si chemistry, and discuss the most
promising synthetic routes towards Si meta atoms: high
temperature reduction, plasma and aerosol techniques, and
synthesis in supercritical fluids. We will also examine how
individual parameters (i.e. concentration, precursor stability,
type of solvent) affect the particle characteristics.

4.1. Precursor Stability

The precursor stability depends primarily on the bond
dissociation enthalpy and on the decomposition kinetics. This

parameter has a substantial effect on the yield and the
characteristics of the Si nanostructures produced. To date, no
reports exist correlating the stability of a precursor with the
observed properties (size, crystallinity and morphology) of Si
spheres, but trends can be found by a careful study of the
literature.

Several Si precursors have already been used in the
literature, all having a differing degree of reactivity. Figure 9
shows some Si precursors used for the synthesis of Si particles
and nanowires.

Lu and co workers investigated the effect of precursor
stability by using a series of silanes having 3 to 6Si atoms.
They produced Si nanorods according to solution liquid solid
seeded growth in squalene, at temperatures between 200 and
380°C*® Generally, the reactivity of the precursor increases
with increasing the number of Si atoms. However, the yields

obtained at a certain temperature with isotetrasilane (4Si
atoms) and neopentasilane (5Si atoms) were basically
identical. In the case of cyclohexasilane (6Si atoms), the
yield was higher than expected based solely on the number of
Si atoms and the reaction temperature. The higher reactivity
of cyclohexasilane compared to acyclic silanes is due to both
the number of Si atoms per molecule and the presence of an
unsaturation as a result of cyclization. Therefore, an accurate
choice of precursor may allow the synthesis of Si nano

structures under milder conditions.

Although we have seen that higher reactivity generally
produces higher yields and higher quality Si nanostructures,
many factors must be considered. More reactive precursors
are typically more dangerous (silane and longer chain silanes
are pyrophoric), more difficult to handle, more difficult to
acquire and more expensive than tetrachlorosilane.

4.2. Elevated Temperature Reductive Synthesis of Si Particles

We discuss in Section 3 that Si particles should have
a diameter ranging between 75 and 200 nm to exhibit visible
light scattering. The elevated temperature reductive synthesis
allows the production of particles from a few nanometers up
to several micrometers.

Preformed silica can be reduced to Si via multiple
methods by, for instance carbothermal reduction and nitrida
tion reduction above 1400°C. At such a high temperature,
nanostructures are lost. As an alternative to these high

Figure 9. Precursor stability: Structures of some Si precursors, displayed from left to right in increasing order
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temperature methods, metallothermic reduction can be
performed using magnesium (600 800°C),””) sodium
(300°C),"™ or aluminum (700 800°C).l*"* By far the most
popular reductant is magnesium, in part due to its ease of
handling and partly because it is more efficient at reducing all
of the silica to Si while largely maintaining the initial silica
structure. However, to our knowledge a side by side compar
ison of metals reducing the same silica material has yet to be
performed. In the metallothermic reduction technique, silica
reduces upon contact with vaporized metal (Figure 10a). This
produces an aggregate of Si and a metal oxide, for example,
MgO. Magnesium vapors can reduce nanostructured silica to
Si in the following reaction [Eq. (1)].*!

SiO,(s) +2Mg(g) — Si(s) + 2 MgO(s) 245.2kJmol ! (1)
Mg,Si is also generated upon an excess of magnesium. The
metal oxide is typically washed away using 1M HCI and silica
is removed using HF.

Porosity is inevitably created when the metal oxide is
removed, however, some degree of porosity can be tolerated
in meta atoms (Figure 7, see Section 3.2). Unfortunately, the
degree of porosity has not been well characterized in Si

spheres. Ibisate et al.*! decreased the amount of porosity by
depositing Si,Hg via chemical vapor deposition after Mg
treatment. In another example Stober silica particles between
6 200 nm in diameter were converted to Si particles using
magnesiothermic reduction at 500°C.[*)

Despite the abundant examples of reduced silica struc
tures in the literature, the metallothermic approach has
several major drawbacks. Firstly, the obtained Si is not
homogenous. Close to the Mg source, Mg,Si is generated
instead of Si."® Placed at a distance too far from the Mg
source and the sample remains polluted with SiO,. Although
both Mg,Si and SiO, can be removed with acids (HCl and HF,
respectively), the resulting Si nanostructures will not be
homogeneous in shape and size. Furthermore, when the
reaction goes well, the reduced sample consists of 64.1 vol %
MgO, 34.9 vol % Si*) We can thus assume that when the
magnesia is removed, the volume porosity is extremely high,
perhaps too high for meta atoms. Another point is that during
the thermal treatment the Si particles are sintered together.
The fusion of Si structures will have an effect on their optical
resonance and makes it extremely difficult to process the Si
into a material. Perhaps Si sintering could be avoided by
vaporizing the metal with a laser instead of thermally heating



the whole system. In any case, the metallothermic strategy
currently seems better suited to Si applications other than
metamaterials.

4.3. Combined Pressure and Temperature

Thermal decomposition of a Si precursor can occur under
low, ambient or high pressure. Low pressure techniques
employ a gas phase precursor, typically silane or tetrachlor
osilane, and consist of plasma synthesis, chemical vapor
deposition (CVD) and aerosol synthesis. Higher pressure
methods include supercritical and molten salt synthesis. In
both cases it is essential to carry out the synthesis in an inert
atmosphere, due to the extreme reactivity of silanes and
chlorosilanes towards water and oxygen.

4.3.1. Low-Pressure Thermal Decomposition Methods
4.3.1.1. Plasma

Gas phase thermal decomposition of a Si precursor is one
of the best known routes to produce Si nanostructures.
Plasma synthesis and aerosol synthesis are common tech
niques for the gas phase production of freestanding Si
particles. Typically, plasma synthesis produces small Si
quantum dots by decomposing SiH, in an Ar plasma."®*! In
some cases SiCly is used as a precursor instead of SiH, in the
plasma synthesis. Since the reactivity of SiCly is lower than the
reactivity of SiHy, H, must be added to the Ar plasma, to
reduce the SiCl, to Si.

Owing to the nature of the experimental design, which is
straddled with a short precursor residence time in the reactor
and low precursor partial pressurel®! it is hard to produce Si
structures larger than 10 nm. Typically, Si nanoparticles larger
than 10 nm are polycrystalline or amorphous, with broad size
distributions. Some control over size, size distribution and
structure can be exerted by tuning the plasma properties
(plasma power, plasma density). Bapat et al. observed the
formation of cubic, single crystal Si nanoparticles produced
by rotating in a high density plasma filament; the average
particle size was 35 nm, and the cubic crystals exhibited
narrow size distribution.”™ They reported that the temper
ature reached is high enough to allow the complete sintering
of small Si nuclei into large cubic crystals. The degree of
crystallinity depends on the power input, where a higher
degree of crystallinity occurs upon increasing the power
which generates the plasma.”® These results show that it is
technically possible, by engineering the plasma properties, to
control the size and crystallinity of the produced Si nano
particles. Nevertheless, currently there are no reports of the
plasma synthesis of Si nanoparticles larger than 40 nm. The
difficulty producing relatively large and monodisperse Si
crystals, along with low reaction yields make plasma synthesis
currently unsuitable for the production of Si meta atoms.

4.3.1.2. Aerosol

In aerosol synthesis, a molecular precursor, most com
monly silane, is decomposed by pyrolysis to produce solid Si

clusters suspended in a flow of inert gas. The energy to induce
the pyrolysis of the molecular precursor is provided either by
resistive heating of the reactor walls,® or by irradiation with
a CO, laser beam.””!

Thermal decomposition of silane typically occurs at
temperatures between 900 and 1300 °C and pressures between
25 and 800 mBar.****" The temperature, the total pressure
in the reactor and the silane partial pressure are fundamental
parameters, having a considerable effect on the size, size
dispersion, crystallinity®® and even the shape of the produced
particles.™ Ostraat etal. observed a size increase from 6
7 nm to 40 nm upon increasing the silane concentration from
10 ppb to 3300 ppb.*! Kérmer et al.®™ investigated the effect
of silane partial pressure (i.e. the concentration) on the
particle size: they observed an increase in the average size of
Si particles from 25 to 40 nm by decreasing silane pressure
from 1 mbar to 0.5 mbar. The discrepancy in these two results
arises from the particle growth mechanism, which proceeds
through homogenous growth in the first case and heteroge
neous growth in the latter. Kérmer et al. also studied how
individual experimental conditions influence the size and
crystallinity of the Si particles. They were able to design
octahedral Si crystals with a 100 nm edge instead of spheres
by lowering the silane partial pressure (1 mBar in 100 mBar of
Ar instead of 0.5 mBar in 25 mBar of Ar).®” Adjusting the
total and silane partial pressure, heterogeneous growth can be
favored over homogeneous growth, producing large, mono
disperse and crystalline particles.

The continuous flow aerosol reactor design is another
fundamental parameter: the synthesis conditions (e.g. tem
perature, partial pressure) can be varied along the length of
the reactor, to spatially separate the different reaction
mechanisms. Alam and Flagan developed a continuous flow
aerosol reactor consisting of two different zones, respectively
called the seed reactor and the primary reactor.*! In the seed
reactor, small Si nuclei were produced by the thermal
decomposition of silane (SiH,). In the primary reactor
heterogeneous growth of micrometer sized particles was
promoted, by decreasing the number concentration of the
seed particles.

In the aerosol continuous flow reactor the size, size
dispersion, particle shape and surface chemistry are con
trolled by tuning the synthesis conditions and through reactor
design. Considering these characteristics, aerosol synthesis
could be applied to produce Si meta atoms with the required
size (75 200 nm), narrow size dispersion, purity and density.
The powders obtained from aerosols should be easy to further
process into a material, the only concern being the low
production rate (few g per h) due to particle deposition on the
reactor walls."*®

4.3.1.3. Chemical Vapor Deposition

Shirai et al. reported the synthesis of Si nanocrystals via
radio frequency plasma enhanced chemical vapor deposition
techniques using a mixture of SiCl,, H,, and SiH,Cl, 1" Many
parameters such as radio frequency power, pressure and
deposition temperature influence the size and density of Si
dots. For example at 150°C, growth was favored over



nucleation which led to large particles and a narrower size
distribution (20 30 nm). At 250°C sizes between 5 35 nm
were obtained, centered around 20 nm. Using silane as
a precursor, Si nanowires were synthesized by chemical
vapor deposition at 650°C. Depending on the carrier gas,
different Si nanowire diameters and lengths were obtained.
Short and thick nanowires were reached using N, as a carrier
gas!® Using a mixture of N, and H, yielded longer and
thinner nanowires.

Besides long nanowires, the CVD technique also permits
the production of spherical Si particles through the decom
position of disilane gas at temperatures above 400°C.[
These large particles showed a strong light scattering for near
infrared wavelengths. Fenollosa et al. prepared large and
polydisperse Si spheres with sizes ranging from 0.5 to 5 pm.®)
The as synthesized spheres were porous and amorphous, but
were annealed at 800°C to convert the particles into
polycrystalline Si. Transmittance measurements of spheres
with different sizes were performed: the average diameters of
these spheres were 1.8+0.5um and 1.5+0.4 pm. Both
structures exhibit transmittance at wavelengths between 2.5
and 10 um. The transmittance was more intense for the larger
spheres.

With chemical vapor deposition, different shapes and
sizes have been obtained. For metamaterials, this technique
could be promising because large Si particles can be produced
(sub micrometer and micrometer sizes). These particles show
Mie scattering in the near IR. However, this system is not
ideal because the size distribution cannot be controlled and
the as synthesized particles are often amorphous. For these
reasons, no visible scattering was observed using this tech
nique.

4.3.2. High-Pressure Thermal Decomposition and Thermal
Reduction Methods
4.3.2.1. Supercritical Route

A fluid becomes supercritical when it is heated and
pressurized above its critical point. The thermophysical
properties of a supercritical fluid, such as density and
viscosity, are intermediate between the properties of its
liquid phase and its gas phase. By varying the temperature
and pressure in the supercritical domain these properties
change continuously from gas like to liquid like, without the
abrupt discontinuity typical of phase changes. Supercritical
fluids are powerful reaction media for the synthesis of
nanomaterials; they combine high mobility of the reactive
species, characteristic of the gas phase, with the possibility to
solvate precursors in concentrations comparable to solution
chemistry routes. The combination of these two effects
increases the reaction kinetics and allows the efficient syn
thesis of nanomaterials.** )

Supercritical synthesis has been applied to the production
of Si nano and microparticles.f*™ ™ As for gas phase
synthesis, supercritical synthesis involves the thermal decom
position of a Si molecular precursor. Working at high pressure
helps reach the high temperatures necessary for the pyrolysis
while simultaneously keeping the molecular precursor sol
vated. This peculiarity places supercritical synthesis at the

midpoint between solution chemistry and gas phase thermal
decomposition.

Supercritical synthesis is performed either in batch or in
a continuously fed reactor, where a solution containing the
precursor is heated to the desired temperature (between 380
and 500°C). Si particles have been synthesized either by
chemical precursor reduction or by thermal decomposition.

Heath produced monocrystalline Si particles by tetra
chlorosilane reduction with sodium in a tightly closed batch
reactor.™ The reaction was performed at 385°C, over several
days (from 3 to 7 days), generating large and monocrystalline
particles, with sizes between 5 nm and 3 pm. It is quite likely
that nanoparticles a few nanometers in size were initially
produced, which then agglomerated into larger crystals. The
possibility to produce large and crystalline particles would
make this route promising for the design of Si meta atoms,
however there are several important drawbacks: a large size
dispersion, poor yield and most notably the highly dangerous
synthetic conditions.

Si nanoparticles have been prepared through the thermal
decomposition of diphenylsilane in a supercritical mixture of
n hexane and octanol” and from trisilane in supercritical n
hexane.®”7 The synthesis with diphenylsilane produces
very small, crystalline Si quantum dots (1 4nm), while
thermal decomposition of trisilane yields large, amorphous
Si beads (Figure 11). This large difference is mainly due to the
difference in reactivity between the two precursors and the
presence of additives that serve as capping ligands. The size of
the beads depends on the initial concentration of trisilane,
while their structure that is, bond order and the degree of
hydrogenation depends on the reaction temperature and
pressure. Harris and co workers observed that the size of Si
spheres increased with increasing trisilane concentration."”
This may be due to diffusion limited growth, however the
mechanism has not yet been studied in detail. Increasing the
synthesis temperature from 380 to 450°C results in a higher
bond order and reduced hydrogenation.

Shi etal.® produced and characterized amorphous Si
particles active in the infrared via solvothermal synthesis.
Post synthetic thermal annealing reduced the porosity and the
degree of hydrogenation of these materials. Accordingly, the
refractive index increased as a function of the annealing
temperature. Light transmittance measurements on single Si
meta atoms before and after annealing confirm what was
discussed in Section 3.2. The reduced porosity led to a redshift
in the troughs in the transmission, corresponding to the
magnetic and electric resonances.

Supercritical synthesis has so far provided one of the most
promising routes to Si meta atoms, yielding the production of
large Si particles with the possibility to control the particles’
size and structure."” In particular, the reduction of SiCl, with
Na!™ and the thermal decomposition of Si;Hg* were the two
techniques that seemed the most applicable for the synthesis
of meta atoms. Both techniques fulfill the size requisite, being
able to produce particles up to the micrometer scale.
However, in one case the particles were too polydisperse,
and in the other the particles were amorphous and porous.
Perhaps by combining the advantages of these tech
niques, short reaction time, a highly reactive precursor and
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Figure 11. SEM images of the amorphous Si spheres obtained using a) 20, b) 60, c) 100, and d) 300 pL of trisilane in 5.8 mL of n hexane.
e) Transmission spectra of three meta atoms before (black) and after annealing (red) at 600, 500, and 400°C. Insets: SEM images of the Si
particles corresponding to the transmission spectra. The scales bars represent 200 nm. Reproduced with permission from Refs. 35, 72].

a hydrogen free synthesis, nearly ideal particles could be
produced.

4.3.2.2. Molten Salts

Common Si precursors decompose at relatively high
temperatures, for instance thermal decomposition of SiCly
begins at 800°C. This temperature is much higher than the
thermal decomposition temperature of aprotic organic sol
vents. Thus it is natural to combine high pressure and
temperature to decompose Si precursors and to provide the
energy necessary to grow larger particles through either
heterogeneous or homogeneous growth.

Molten salts can be used as a solvent from between 300
1000°C. Molten salts are inexpensive and scalable, so they
present a marketable alternative to common Si synthetic
methods. Both the reduction of SiO, and the reduction of Si
precursors to Si have been performed in molten salts. An
assortment of halide salts have been used: LiCl/KCI, ZnCl,,
MgCl,/NaCl and AICl;. These halide salts scavenge heat to
prevent exothermic runaway reactions and side reactions,
such as the formation of Mg,Si.”* The ZnC1,/™ and AICL,™"")
salts participate directly as reagents in the reduction through
the following reactions [Eq. (2) (4)]:

Mg,Si + 2 ZnCl, — Si +2MgCl, 4+ 2Zn ()

4 Al 43 Si0, 42 AlCl; — 3Si + 6 AlOCI 3)

2Mg + SiCl, + 4 AICl; — Si +2MgALClg (4)
The zinc chloride and aluminum chloride lower the temper
ature of reaction significantly; the reduction occurs between
200 300°C. When either Al or Mg metal is used without the
metal chloride, the necessary SiO, reduction temperature is
above 660" and 600 °C,™ respectively.

MgCl, is a relatively good solvent for Mg metal, facilitat
ing the reduction and leading to larger Si nanoparticle
diameters than in other halide salts™ SiO, reduction in
molten salts is not exactly the same mechanism as that of the
metallothermic reduction discussed in Section 4.2. In molten
salts, the metal is ionized and the electrons are solvated.

In all of the molten salt examples cited, the nanoparticles
are ill formed and polydisperse in size. There is one exception
where roughly spherical, hollow particles are generated by the
Kirkendall effect." Although this technique is promising due
to its environmentally friendly, economical and scalable
process, and because it generates highly crystalline samples,
a way to achieve spherical particles of controllable size must
be found in order to make Si meta atoms using a molten salt
route.

The bottom up techniques here presented have in
common the use of high temperatures (from 400 to



1300°C), which produce large Si particles, from several tens to
thousands of nm. This range of sizes is not typically accessible
to traditional solution chemistry techniques. Aerosol syn

thesis and supercritical thermal decomposition are particu

larly promising for Si meta atoms production, as they provide
particles that are monodisperse in size and shape and
crystalline (in the case of aerosol).

4.4. Solvents

When choosing a solvent for Si synthesis, the solvent
needs to be air free and water free to avoid the formation of
silica. All terminal alcohols must also be avoided as Si
precursors readily form alkoxysilanes upon contact. Solvent
consideration does not stop with these factors. The solvent has
an effect on the solubility of the Si precursor, the reducing
agent and the intermediate species. The solvent can stabilize
or destabilize the growing Si structures. If surfactants are
present in the solution, their capacity to form micelles and
their interactions with the Si precursors and the nanoparticles
are determined by the properties of the solvent. Thus the
solvent affects nucleation and growth processes, influences
the form and even the crystallinity of the Si nanoparticles
produced.

Despite the important role of the solvent on Si nano
structure formation, studies of its effects have been largely
neglected. Two studies report the synthesis of crystalline Si in
glycol ethers, where other solvents yield amorphous particles.
Neiner et al. reported the production of 4.914+1.23 nm
crystalline Si particles through the reaction of NaSi with
ammonium bromide using glyme at 80°C."” When instead
dioctyl ether was used at 260°C, the reaction of these same
precursors generated amorphous Si, 3.85+1.03 nm in diam
eter. Normally higher temperatures are more likely to
produce crystalline nanoparticles, so we attribute the differ
ence in crystallization to a solvent effect. Another study
reacted KSi with SiCl, in either THF, glyme or diglyme. When
diglyme and glyme were used, mostly crystalline particles
were obtained, while in THF amorphous Si was produced.™
Glycol ethers are known to complex cations.®” We can
speculate that glycol ethers may also stabilize the Si nano
particle surface. If this is the case, ligand desorption from the
surface during nanoparticle growth induces strain. When the
atoms in a nanoparticle relax, they take the energetically
more favorable crystalline state.[™!

Solvents affect not only the crystallinity, but also the size
of Si particles. Baldwin et al. obtained nanocrystalline Si with
different shapes: spherical® and tetrahedral.* Five nm Si
particles were obtained in glyme, while a combination of THF
and glyme produced Si nanocrystals ranging in size between
40 and 80 nm. In the latter case, the (111) plane was
predominant in tetrahedral crystals due to its lower surface
energy which led to preferential growth.®

Solvent can have a drastic effect on yield. Chen etal.
showed that the reduction of silicon chloride with Mg in
glyme produced amorphous Si.*¥ Using THF, a low yield of Si
nanoparticles was obtained, while no Si nanoparticles could
be formed in toluene or anisole. In another example, mono

phenylsilane was thermally decomposed to Si nanowires at
500°C under pressure in either benzene, toluene or hexane,
where other conditions were unchanged.®” The Si nanowire
yield was highly dependent on the nature of the solvent. In the
case of hexane, only 1.4 wt % of the precursor was reduced to
Si nanowires. In toluene the yield was 384 wt% and in
benzene it was 63.0 wt%. Moreover, the degree of Si
crystallinity was highest when benzene was used as a solvent.
They proposed that the solvent is involved in stabilizing the
transition state during the precursor decomposition.

Solvents have a central role in Si nanoparticle yield,
crystallinity and size. It is well possible that a Si analogue to
the Stober reaction could be discovered by finding a pair of
miscible solvents that favor Si nanoparticle growth while
maintaining monodispersity. One solvent should have poor
interactions with the Si, encouraging aggregation, while the
other solvent should solubilize the Si precursors and have
a good interaction with the Si nanoparticle surface, to ensure
that the Si nanoparticles remain suspended in solution. The
reducing agent must also be miscible with the solvents.
Further study into solvent effects will allow scientists to
intelligently target solvent pairs.

4.5. Reducing Agents

In the solution synthesis of Si nanoparticles, the reducing
agent has a large influence on the particle size and dispersity.
Common chemical reductants include H, gas, metals, such as
Na, K, Mg and Zn, organic salts, such as sodium napthalenide
and its derivatives, and hydrides, such as sodium borohydride
and lithium aluminum hydride. The strength of chemical
reductants can be classified in order from weakest to
strongest: H, gas <metals <organic salts <hydrides. This
trend has a direct impact on the size of resulting Si nano
particles. It is well known that a strong reducing agent favors
fast nucleation, consuming most of the precursor.[“] Thus,
small particles are typically obtained by strong reductants. A
weaker reductant generates less nuclei due to the slower rate
of reduction. The remaining Si precursor will more likely be
used to grow larger particles in this case.

Sodium naphthalide,® sodium cyclopentadienide®™' and
potassium naphthalide!™! are used to reduce SiCl, to synthe
size Si nanocrystals at ambient temperature. The reduction of
Si salts occurs by one electron transfer from the radical anion.
The size of Si obtained using this kind of reductant generally
ranges between 3 and 80nm depending on the reducing
agent/Si precursor ratio and the solvent nature.

Powerful reducing agents such as hydrides have been
largely used to synthesize Si quantum dots. Silicon particles
with narrow size distribution are usually obtained with this
kind of reductant combined with the inverse micelles method.
The most popular hydrides used are Li(AlH,) and Na(BH,).
The Pauling electronegativity of aluminum is 1.61 while that
of borium is 2.04. Since Al is less electronegative than B, Al
will be more able to release an electron in favor of hydrogen
to form a hydride (H™) than B and in turn the Al H bond will
be weaker than that of B H. Thus LiAlH, is much more
reactive than NaBH,. Although these reducing agents pro



duce monodisperse nanoparticle size distributions, the largest
reported Si nanoparticles produced from hydrides are
10 nm.Y

Larger nanoparticles can be obtained using Mg as
a reducing agent. Chen et al. used Mg to prepare Si nano
particles up to 50 nm in diameter.*® The experiment was
carried out in glyme, which solvated the magnesium. Since
magnesium is less reactive than sodium or potassium, this soft
reductant increases the likelihood of obtaining larger nano
particles, but only if an appropriate solvent is used.

To form a meta atom, it is clear that a mild reducing agent
is needed to obtain a larger particle size. We must also note
that the reducing agent should not pollute the Si nano
structure. Metal reductants and organic salts reduce the Si
precursor via electron transfer, creating pure Si under mild
conditions. The hydride reductants contaminate the Si with
hydrogen, which decreases the quality of the optical proper
ties,™ while producing small nanoparticles.

4.6. Stabilizing Agents

Stabilizing agents can be used to control the size and size
dispersion of nanoparticles. Additionally they can be used to
prevent particle agglomeration. In Si particle synthesis,
surfactants have been wused in the inverse micelles
method.” Inverse micelles occur when the concentration of
a surfactant (which contains both hydrophilic and hydro
phobic sections) exceeds the critical micelle concentration in
a hydrophobic organic solvent. However, this method invar
iably generates nanoparticles that are about the same size as
the micelle core (typically several nms).

Shirahata and co workers emphasized the effect of
surfactants on monodispersity.” They reported that in the
presence of tetraoctyl ammonium bromide, a narrow dis
persion of Si nanoparticles was reached at room temperature
via the reduction of SiCly with Na naphthalenide. The mean
size, estimated after removing the organic shell, was 3.4 nm
+1.8nm. In the absence of tetraoctyl ammonium bromide,
the size distribution was random with a mean size of 9.5 nm
and a standard deviation of 5.6 nm. Tilley et al. were able to
obtain the most monodisperse and smallest Si nanocrystals
(1.8+0.2 nm), by a room temperature reaction between
a silicon tetrachloride precursor and LiAlH,, a hydrogen
source, and using tetraoctyl ammonium bromide a as surfac
tant.*! Caution: it is highly likely that during the reaction, the
silicon halide is hydrogenated to make silane at room
temperature. Such an experiment is highly dangerous and
rigorous precautions must be taken to protect the reaction
from air and to be prepared for fire in case of an accidental
leak.

Ligands usually permit high monodispersity but also limit
Si particle growth. Perhaps using ligands as stabilizing agents
rather than as micellar templates will allow the production of
larger, monodisperse Si nanoparticles. For this to be the case,
the organic molecules should have a relatively low affinity,
adsorbing and desorbing from the surface and thus encourag
ing a homogeneous nanoparticle growth.

4.7. Relative Concentrations
4.7.1. Precursor Concentration

The precursor concentration affects the size and size
distribution of Si particles. When the precursor’s concentra
tion exceeds a certain value, supersaturation occurs. Super
saturation leads to the sudden consumption of the precursor
and to the production of many small nuclei, that may coalesce
into bigger particles by homogeneous growth. The concen
tration required to have supersaturation depends on the type
of chemical reaction (e.g. type of precursor, decomposition
kinetics) and on the synthesis conditions. Working below the
supersaturation limit produces few nuclei, that then may grow
by heterogeneous growth. The effect of precursor concen
tration has been deeply investigated in the case of aerosol
synthesis (see Section 4.3). Kérmer and co workers observed
that a silane partial pressure inferior to 1 mbar in 100 mbar of
Ar allowed the production of Si objects larger than 100 nm."*!
The concentration even seemed to affect the shape of the
produced particles, probably due to the preferential growth of
certain crystallographic planes.®® Pell et al.! did a series of
experiments with increasing precursor concentration under
supercritical conditions. The particle size increased with
increasing precursor concentration. This trend opposes that
observed by Kormer et al."” which can be explained by the
fact that the saturation limit was surpassed and therefore
particle growth occurred by coalescence.

4.7.2. Reducing-Agent Concentration

The concentration of reductant has a considerable effect
on the particle size. Balci et al. reported that Si particle size
changed as a function of the Si precursor/reducing agent
ratio.™ The largest particle size obtained was 27 +4.8 nm by
SiCl, reduction using potassium naphthalide. The increase of
SiCl,/potassium naphthalide ratio from 0.224 to 0.289 permits
a ten fold increase (respectively from 3.1+0.6 nm to 27+
4.8 nm) in the size of Si nanoparticles. A fast nucleation, as
explained by the LaMer mechanism, due to a high concen
tration of the potassium naphthalide increased the number of
nuclei and hence small, crystalline Si particles were formed. A
lower concentration of potassium naphthalide favored the
growth of larger Si particles. The same trend was observed by
Zou et al., who varied the ratio of SiCly/sodium naphthalide
concentration.” A ratio of 0.30 gave a particle diameter of
8.85+1.6 nm, where a ratio of 0.27 yielded nanoparticles of
3.28 nm.

4.8. Particle Growth

Small crystalline Si nanoparticles can be coalesced into
larger particles through oriented attachment.®¥ In Ostwald
ripening, the growth of large nanoparticles at the expense of
small nanoparticles, is not likely to occur. In this mechanism,
small nanoparticles redissolve to provide precursor feed for
the larger nanoparticles. However, Si cations cannot be
appropriately complexed by the solvent and thus are too
unstable to redissolve. However, small crystalline nanopar



ticles can orient themselves so that they have a common
crystallographic alignment and then coalesce.” The forces
promoting coalescence include Coulombic forces and van der
Waals interactions.

5. Crystallization Methods

The position and intensity of visible light scattering
depend on the degree of crystallinity and the size of the Si
particles. In general, the degree of crystallization is poorly
characterized, but some carefully conducted studies show
their relationship. Raman spectroscopy can be used to
quantify the crystallinity of the sample.” Amorphous Si
appears as a broad Raman peak centered around 480 cm™. A
purely crystalline bulk Si sample shows sharp Raman peaks
centered at 520 and 939 cm™". The size of Si crystallites can be
measured using the full width at half maximum. Dark field
optical images are typically taken of crystalline Si, as the
emitted color corresponds to the Si particle size and its degree
of crystallinity (see Figure 5).

In this Section, two different techniques to produce
crystalline Si particles will be discussed: thermal and laser
induced crystallization. The major challenge is to obtain
a high degree of crystallinity without sintering the particles or
introducing a large quantity of porosity. If the particles sinter,
their optical properties will be equivalent to bulk Si and it will
be impossible to process the particles into a homogeneous
material. When these particles are post synthetically crystal
lized they become highly porous.™ The porosity stems from
the following reason: amorphous materials occupy more
volume than their crystalline counterparts. It is currently
impossible to ensure homogeneous contraction during Si
crystallization. Often Si porosity has not been characterized
in literature reports, thus we cannot draw conclusions about
which crystallization method generates the densest materials.
But in general, slower crystallization provides more time for
contraction and thus generates less porosity.

5.1. Thermal Crystallization Methods

Silicon normally requires temperatures of up to 800 °C at
ambient pressure to crystallize. It is possible to calcine under
an inert atmosphere to crystallize, but at such a high temper
ature, Si nanostructures sinter together. The extent of
sintering and the risk of particle deformation increase as
a function of temperature.”™ Particle agglomeration hinders
the assembly of particles into a homogeneous material. One
solution is to use lower calcination temperatures and to
catalyze crystallization with a devitrifying agent.” This will
minimize sintering. The small contact points between par
ticles can be dissolved by first oxidizing the outer shell of the
Si particles with air. The thickness of the silica shell can be
increased by mildly heating the particles. Then the SiO, shell
can be etched with HF to liberate the Si particles (Fig
ure 12a). Many elements have been reported to devitrify Si
thin films at relatively low temperatures."® Some elements,
such as nickel, copper and palladium, form silicides and the

act of forming a covalent bond between the Si and a metal can
catalyze crystallization. Others, such as Al, Sb, and Au, do not
form silicides. These additives diffuse from one interstitial site
to another within the Si glass. Cation diffusion through the Si
framework generates local stress, as Si Si bonds are stretched
to allow the cation to pass from one interstitial vacancy to
another. These Si atoms may crystallize upon relaxation. If
the cation is too small, for example, lithium, it behaves as
a melting agent, catalyzing the crystallization at the expense
of structural deformation.'”! Under some conditions, the
cations that form silicides may instead crystallize through
interstitial diffusion producing pure crystalline Si."" The
concentration of the devitrifying agent must also be con
trolled, typically catalytic quantities of approximately
1mol% are required."™ If concentration is too high,
interstitial diffusion occurs less because too many sites are
occupied, blocking movement. If concentration is too low,
crystallization does not occur. For Si the best devitrifying
agents currently known are Al and Au.

A previous study of amorphous SiO, crystallization to
quartz shows that devitrifying agents increase in strength
from the top of the column to the bottom of the column of the
periodic table.'™ Knaepen reports the same tendency, with
the heavier elements in the column crystallizing Si at lower
temperatures (Figure 12 b).°” They report a large effect from
APP*, but did not test other elements in the group, thus it is
possible that Ga, In, and Ti may catalyze Si crystallization at
temperatures lower than 275 °C.

Devitrifying agents have thus far been applied exclusively
to Si thin films, but there is no reason that this technique could
not be used to crystallize Si particles or other structures.

5.2. Laser-Induced Crystallization

Lasers have been used to crystallize Si since 1979, when
a ruby laser was used to regenerate monocrystalline Si from
an ion doped sample."™ Crystallization occurs through
a thermal process as the radiation energy from the laser is
transferred to the electrons, which then heat the Si lattice.'”!
The laser energy can be tuned, high energies quickly heat the
sample and thus the required annealing time is short that ison
the order of nanoseconds."® Application of a single femto
second laser pulse can crystallize amorphous Si."”! Although
crystallization time is short and laser induced crystallization
can generate large crystal grains, only small areas are
irradiated by a laser. Thus laser crystallization treats individ
ual particles™ or small sections of a nanostructure.'®*!
Thus, this is not a currently practical method for bulk material
synthesis.

Many parameters must be considered to optimize the
crystallization. A wavelength range between 740 760 nm
yields the highest quality of crystallization."” Moreover,
the environment can affect the crystallization; when a Si thin
film was encased in a silica layer, the crystal orientation
changed, impacting the electrical and optical response.'”®
The beam intensity, the exposure time and the temperature
gradient all additionally play a role, as we will show in the
following paragraphs. Moreover, samples can be crystallized
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from Ref. [100].

and recrystallized using lasers, changing the degree of
crystallinity, the crystal orientation and the grain size through
multiple laser shots.!"!!

Raman spectroscopy lasers have induced the crystalliza
tion of amorphous Si nanomaterials. The laser heats the
sample, typically crystallizing below the melting temperature
and thus this crystallization method does not deform the
nanostructure.? Laser induced crystallization occurs via
random nucleation and growth, which are dependent on
both the temperature and the duration of the laser treatment
(Figure 13). Higher laser power leads to more numerous
nucleation events and thus smaller crystalline domains than
lower laser power. Longer heat treatments provide the time
needed for the crystal grains to grow in size. Laser induced
crystallization and conventional calcination treatments both
require the same temperatures.

A continuous wave argon laser operating at 488 nm has
been used to crystallize a Si fiber core surrounded by a silica
cladding."® The temperature at the center of the laser spot is
higher than at the edge, and the penetration depth of this laser
technique is 490 nm. A crack free Si nanostructure can be
prepared when the temperature gradient is relatively low. A

slow scanning speed (<1 mms™") has a larger temperature
gradient than faster speeds. However, high speeds
(>4mms™) insufficiently distribute the energy over the
irradiated area, leading to a higher content of amorphous
material and polycrystallinity. Thus, the scan rate should be
optimized to create monocrystalline Si structures. Similar Si
fibers with silica cladding have been recrystallized to signifi
cantly decrease the optical losses using a 28 W CO, laser,
having a melt zone of 300 500 um.""*! The thermal gradient
applied less stress on the Siwhen a cladding was present as the
temperature was transferred from the silica cladding to the
core. Unfortunately, the recrystallization scan rate is 60 times
slower than the drawing speed, so the two processes cannot
currently be simultaneously applied.

The conclusion from studying the literature is that Si
crystallization is still unsatisfactory in terms of material
synthesis. Classical problems such as particle sintering and the
generation of porosity plague Si crystallization. Laser induced
crystallization produces denser Si, but it is not easily scalable.
Unfortunately, to date solvothermal methods have not been
used to crystallize Si, although solvothermal has been used for
Si synthesis.""*!" Solvothermal synthesis has been shown to
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ripen other nanoparticle compositions, thus this is a method
worth exploring. Moreover, some solution based synthetic
methods generate crystalline Si directly.™ Currently we do
not understand why sometimes amorphous and sometimes
crystalline Si is obtained as a synthetic product, a question
which begs exploration.

6. Silicon Oxidation and Post-Synthesis Surface
Modification

Oxidation can affect the optical properties of Si, yet
surface oxidation is inevitable if air, water or oxygen is in
contact with Si. Si spheres form a passivating coating of SiO,,
that then protects the Si from further oxidation, referred to as
self limiting oxidation. Silica occupies more volume than Si.
As the surface oxidizes, compressive stress builds as more
atoms try to occupy the original volume of space. When the
energy gain upon Si oxidation is surpassed by the increase in
strain energy, the passivating layer definitively stops growing
unless the temperature changes”” The Deal Grove model
predicts that nanoparticles of smaller diameter will have
a thinner oxide coating than larger nanoparticles because of
the more significant volume expansion and thus the larger
increase in compressive stress during the oxidation.!
However, others have reported the full oxidation of Si
nanostructures of less than 10nm in diameter.""” Silicon
having a sub 10 nm diameter can deform upon oxidation.
Compressive stress decreases with diameter and thus Si
oxidation is favored. This is apt to be true for porous Si where
walls are thin, though the concave shape of pores disfavors
extensive oxidation because of the high compressive stress
associated with this geometry!"*® Large, nonporous Si (nano)
particles exposed to air at room temperature should grow
a passivating coating of approximately 2.1 nm, which is not
particularly disruptive to the optical scattering properties.

To preserve small or porous Si structures, and thus the
optical properties, appropriate surface modification is
required. Most synthetic protocols produce Si terminated

with either hydrides, oxides or halogens. Thiols have also been
used as capping ligands for Si nanocrystals, although the
passivating layer is very susceptible to degradation by
hydrolysis.'””! The three major functionalization processes
are:

1) Hydrosilylation which occurs between hydrogen termi
nated Si (Si H) and an unsaturated bond such as an
alkene. This reaction is generally initiated by the presence
of silyl radicals produced by the homolytic cleavage of the
Si H bond. Silyl radicals react with the terminal carbon
carbon bond to induce a stable Si C bond. For hydro
silylation to be achieved, a metal, thermal treatment or
light irradiation is needed to catalyze the reaction.*”
Functionalization of halide terminated silicon (Si Cl) is
mostly achieved via the Grignard reaction through the
addition of RMgBr or RLi (when R is an alkyl group).
These two functionalization processes are explained in
great detail in several Reviews.'” 1%

Silanization is generally a multi step reaction: first of all,
the surface has to be modified with an alcohol and then
treated with degassed H,O to decorate the surface with
hydroxyl terminal groups. OH terminated nanoparticles

then react with siloxane to form a core shell Si@silox
ane.[88,124]

2)

3)

All Si synthesis reports highlight the importance of
surface modification to protect the surface, however only
a few articles actually report the oxidation behavior of
functionalized Si nanoparticles upon contact with air.® ']
One of those reports shows the effect on photoluminescence
of an aged silanized Si surface. Zou and Kauzlarich®
prepared silanized Si particles through a multi step function
alization: starting with chloride terminated Si, hydroxy
terminated particles were obtained after the addition of
methanol and then water. These particles were then mixed
with chlorosilane precursors to form a siloxane shell. Si@si
loxane core@shell particles provide a large enhancement of
optical stability according to photoluminescence measure
ments. Under an ambient atmosphere the chloride terminated



Si lost their optical properties over 4 days, but the silanized
particles maintained their luminescence over two months.™

A second report showed the effect of an aged hydro
genated silicon surface on photoluminescence.’*! An air free
aging of 5 days showed a shift to shorter wavelengths for all
particles. In air, the photoluminescence maxima decreased
slightly the first day, then strongly from the second day to 13th
day. This decrease was also accompanied with a shift to
shorter wavelengths.

Surface functionalization concerns more than a barrier to
oxidation, which may not even be problematic for the
scattering properties of meta atoms. Surface chemistry can
affect the assembly behavior of Si nanoparticles for the
construction of 3D metamaterials and metasurfaces. For
processing, colloidal stability and wettability must be consid
ered.[? Functionalizing the silicon particles with either bulky
polymers or charged molecules can prevent particle agglom
eration in solution. Polymers give the particles steric stabili
zation, allowing the colloids to stay suspended in solution
longer, and thus giving more time to produce a homogenous
material. Imparting charges to the surface can give the same
effect. For wettability, it may be necessary to use a particular
solvent. The surface of the silicon particles can be rendered
hydrophilic to disperse the particles in water or short chain
alcohols,"™ 2 or hydrophobic!®'® to disperse them in
organic solvents. By controlling the surface chemistry, homo
geneous, close packed Si assemblies over a large surface can
be produced. The surface chemistry can also improve the
stability of colloidal assemblies.!** "

To summarize, the synthesis of Si particles has been
attempted using a large variety of techniques, in gas, liquid
and supercritical phase. Each of these has its own advantages

and drawback for the pursuit of ideal Si meta atoms. We
summarize the characteristics of thus obtained Si particles
from the most promising techniques (Table 1).

7. Conclusions and Outlook

Theory has predicted and experiments have shown that
ideal Si particles behave as Mie resonators at optical
frequencies. An ideal Si nanoparticle is spherical, nonporous,
crystalline, pure in composition (e.g. not polluted with
hydrogen or carbon), monodisperse in size and form and
between 75 200 nm in diameter. An external oxide layer of
a few nm is not a drawback and may even be an advantage for
Si particle processing into a material. Any deviation from the
ideal particle design affects the scattering efficiencies and the
resonance frequencies. Thus chemists are not required to fill
all conditions, for instance some amorphous character or
some porosity could be tolerated. Even so, the experimental
efforts made to date using bottom up synthesis methods have
fallen short of the mark. Thus even though Si meta atoms
have been produced by top down methods, no one has yet
assembled Si meta atoms into a metamaterial. Theoretical
opinions about the interest of Si meta atom assemblies are
divided.

We have learned a lot about Si fabrication from the
multitude of synthetic efforts, but these lessons are yet to be
combined. A solution based method that avoids calcination
seems necessary to produce spheres that can be processed
into a material. Crystallization can occur via supercritical or
solvothermal treatment, by adding devitrifying agents, such as
Au or Al, or via synthesis in particular solvents using certain

Table 1: Summary of the characteristics of Si particles produced through different synthetic routes.

Method Size Dispersion Morphology Crystallinity Surface functio  Yield  Scalability
nality'®
Laser ablation 70 200 nm High Dense spheres Amorphous Oxide Low  Not scal
able
Supercritical fluids 1000 Narrow Porous spheres Amorphous Hydrides 90%  Scalable
(batch) 2000 nm
Plasma assisted 10 40nm  Narrow Spheres or cubes Crystalline, Amor  Hydrides Chlor 50 Not scal
phous ides 80%  able
Chemical vapor deposi 5 1000 nm High Spheres Partially crystal Hydroxides, 15 Scalable
tion line Hydrides 70%
Aerosol synthesis 2 100nm  High Spheres or octahedra Crystalline Hydrides 30 Scalable
70%
Metallothermic reduction 10 Low Irregular particles or spheres, Crystalline Hydroxides 30 Scalable
of SiO, 2000 nm highly porous 50%
Molten salts 10 40nm  High Irregular, dense Crystalline Hydroxides 10 Scalable
80%
High temperature reduc 2 80 nm High Spheres Crystalline, amor  Alkanes, amines 30 Not scal
tion phous 70%  able

[a] Surface functionality refers to the as prepared particles before exposure to the ambient environment.



precursors. It seems we need a gentle reductant that does not
pollute the Si structure, such as Mg, Zn, or heat. The size of Si
particles could be controllably increased via particle agglom
eration or via seeded growth. Particle agglomeration could be
encouraged by using a combination of a solvent and non
solvent, as is the case in the Stober synthesis of silica particles,
or by using a combination of heat and pressure. Porosity can
be minimized by crystallizing the nanoparticles from the
beginning, rather than via post synthetic crystallization.
There are a multitude of techniques that could produce
such Si nanostructures, for instance solvothermal, supercrit
ical, aerosol, and classical solution synthesis. Thus we are
optimistic that chemists will synthesize nearly ideal Si meta
atoms in the near future.

A well dispersed solution of monodisperse Si meta atoms
could be assembled into tightly packed 2D and 3D materials
using dip coating, spray coating, doctor blading, spin coating
or micro evaporation via microfluidics. Designing non tightly
packed arrays of Si particles through self assembly is another
major challenge reserved for another Review.!""

We can speculate on the possible advantages for society
upon obtaining all dielectric based metamaterials. Polariza
tion beam splitters should be possible by controlling the
lattice spacing and thus the coupling strength between Si
particles™? Silicon metasurfaces could also be used to
convert circularly polarized light into linear polarization.
Materials with negligible reflection, that is total transmission,
should be achievable."” The reverse should also be attainable
by changing the thickness and arrangement of the Si meta
atoms: negligible transmission. Such materials may one day
be found in (bio)sensors, optical computing, total reflective
coatings, and in total absorption coatings for photovoltaic
devices.
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