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ABSTRACT: Silicon nanocrystals exhibit size-dependent
optical and electronic properties that may be exploited for
applications ranging from sensors to photovoltaics. In addition,
they can be utilized in biological and environmental systems
thanks to the nontoxicity of silicon. Synthesis of silicon
nanocrystals has been accomplished using a variety of
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methods. However, creating near monodisperse systems of high purity has been a challenge. The high temperature processing
of hydrogen silsesquioxane method of particle synthesis reproducibly provides pure, near monodisperse particles in scalable
quantities. These particles can then be liberated using HF etching and functionalized using a variety of methods. This paper
outlines our lab procedures for creating silicon nanocrystals, the various functionalization methods and the most commonly used

characterization techniques.

B INTRODUCTION

Silicon is one of the workhorse materials that forms the basis of
modern integrated circuit technology; in this context, it has
helped revolutionize modern society. It is abundant, relatively
straightforward to isolate from SiO,, and is inherently non-
toxic."”” Like many materials, when Si is prepared at the
nanoscale, unique size-dependent properties emerge.3_6 Most
notably, silicon nanocrystals (Si-NCs) exhibiting dimensions less
than S nm display visible photoluminescence upon exposure to
UV irradiation; in accordance with the principles of quantum
confinement, the color of this luminescence red-shifts with
increasing particle size.””'* Consistent with this, Si-NCs with
dimensions exceeding S nm show luminescence in the infrared
spectral region. In addition to this tunable optical response, Si-
NCs possess reactivity and unique electronic characteristics not
observed for larger Si particles or the bulk semiconductor." "

Si-NCs hold promise in a wide range of applications thanks to
their tunable optical and electronic properties, as well as their
bio/environmental compatibility. They are also viewed as an
attractive nontoxic alternative for status quo CdSe quantum
dots.'® Prototype Si-NC based sensors, ¢ solar cells,'” and light-
emitting diodes'®™*° have appeared. Reaching beyond these
technological applications, the bioinert nature of the silicon core
in conjunction with its exquisitely tunable surface chemistry have
led to the development of water-soluble particles with
applications in b1010§1cal imaging, drug delivery, and environ-
mental remediation.' ' ~**

Numerous methods have been reported for preparing Si-NCs;
they encompass solution-based procedures, as well as gas- and
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solid-phase protocols. Typically, solution syntheses involve the
reduction of halosilanes such as silicon tetrachloride™ by
LiAIH,”® or NaBH,,”” reduction of Zintl phases in glyme
solutions,***’ magnesium silicide reduction in refluxing bromine
solutions,”””" or degradation of diphenylsilane in supercritical
solvents.”” Conceptually, these batch syntheses hold the
potential of providing large amounts of Si-NCs; however,
milligram quantities are typically reported. In addition, they often
yield materials exhibiting broad size polydispersities that contain
elemental impurities: both can dramatically influence material
optical and electronic response.*

Gas phase methods offer size (and some limited shape)
tunability while providing surface passivated Si-NCs with
narrower size distributions. Common approaches include cold
plasma synthesis®>** and laser pyrolysis of dye-sensitized
silane.”** The appeal of these flow-through methods lies in the
high purity materials they afford and the possibility of large-scale
production. Solid phase methods such as pulverlzmg porous-
silicon®™*” or ball-milling of silicon wafers®**” are also effective
for creating Si-NCs. Although these methods result in somewhat
larger, polydisperse particles, the porous nature of particles
derived from porous-silicon has led to unique and useful
propertles not exhibited by materials prepared using other
methods.*’
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The Veinot group developed a convenient and versatile
method for synthesizing Si-NCs that involves thermal treatment
of an electronics grade, sol—gel denved silicon rich oxide resin
that only contains Si, O, and H.” This high purity precursor
minimizes the poss1b1hty of impurities while still allowing for the
incorporation of dopants.*' The Si-NC size is conveniently tuned
by defining the maximum processing temperature and/or time.*”
Furthermore, this method is readily transferrable to other
laboratories. With a modest infrastructure investment in a high
temperature tube furnace, high purity Si-NCs can be prepared
using equipment and techniques common to most synthetic
chemistry laboratories.

The general procedure affords freestanding particles with
dimensions ranging from a few to hundreds of nanometers;
however, most studies focus on Si-NCs 15 nm in diameter or
less.”** In addition, a variant of this method, which is beyond the
scope of this contribution, provides highly luminescent Si-NC/
SiO, thin films that are readily patterned or incorporated into
optical structures.*

The preparation of Si-NCs using silicon rich oxide precursors
was first introduced by Liu et al. whereby silicon suboxide
powders (SiO,, x = 0.4—1.8) were thermally annealed in inert
atmosphere at 900 °C.** After HF etching, freestanding hydride
terminated Si-NCs were obtained with a mean diameter of 4.2
nm. This provided a platform for the development of the method
described in this paper: the thermal processing of commercially
available hydrogen silsesquioxane (HSQ, HSiO,) under a
slightly reducmg atmosphere to obtain Si-NCs in bulk
quantities.” This method, and variants thereof, has been
embraced by numerous researchers”2 H7 to reproducibly
generate high quality Si-NCs of varying sizes.

A significant challenge associated with elemental Si-NCs is the
propensity to oxidize in the presence of air and water.’
Oxidation diminishes the reactive hydride surface, destroys the
crystallinity and can influence photoluminescence intensity.
However, oxidation can be minimized by covalent functionaliza-
tion of ligands to the surface.””*" The covalent linkage is robust
and enhances the stability of the particles toward oxidation. In
addition, there is a wide array of functional groups that can be
used for surface functionalization. This allows both the physical
(e.g, solution processability) and optical properties to be
tuned.”” For example, orange-emitting 3 nm Si-NCs can be
made to luminesce blue when functionalized by an amine”*** or
red when an alkyl group is attached to the surface.””*

Covalent surface functionalization requires the creation of a
reactive partlcle surface. Building on the pioneering work of
Chidsey,” Buriak,”**” and others***** involving bulk and
porous silicon, hydride (or hydrogen) termination is the most
common starting pomt 395261763 Glthough chloride*®*”*" and
hydroxyl terminations’® have also been reported. Surface
modifications of Si-NCs that employ hydride-based starting
materials typically involve reactlons with terminal alkenes or
alkynes and are initiated by heat,”> UV irradiation,”® a Lewis
acid,®” or a radical source.®®® However, interactions of the
particle surface with amines,> alcohols’® and carboxylic acids™"
have also been reported. The functionalization of hydride-
terminated Si-NCs is an excellent starting point as well as an area
of expertise within our group and will be discussed herein.

The effectiveness of the high temperature processing of HSQ
to form high purity Si-NCs is highlighted by its use in various
groups and the developments that have been made as a result
(e.g, light-emitting dlodes, Si-NC superlattices, sensors, and
responsive materials).'®”"~"*

Using a silicon-rich oxide as a starting point this article details
the steps needed to ultimately obtain functionalized Si-NCs. To
begin, we highlight the procedure for synthesizing pure, near
monodisperse Si-NCs of well-defined size and their liberation
using HF etching. Subsequently the discussion will shift to
various methods used to functionalize Si-NCs. For illustrative
purposes, dodecene is used as a representative example for the
passivation (functionalization) of the Si-NC surface. Finally, the
most common characterization methods will be discussed and
representative data from each will be presented.

B PARTICLE SYNTHESIS

The Veinot group method for synthesizing Si-NCs is based on
high temperature processing of hydrogen silsesquioxane (HSQ).
HSQ is a commercially available silicon rich oxide (HSiO ) that
is commonly used as an electron-beam resist and spin-on
dielectric. It disproportionates when heated in a slightly reducing
atmosphere to form SiO, and Si. Thermal processing begins by
loading a reaction vessel containing HSQ into a high temperature
tube furnace. A reducing atmosphere is created by flowing a gas
consisting of 5% H,/95% Ar through the tube. The temperature
is then ramped to the target end point and held for a designated
dwell time and finally cooled to room temperature. Note that the
ramp rate is set based upon the manufacturer specifications and is
dependent on the composition and diameter of the work tube.
The elemental Si subsequently clusters to form nanocrystals
encapsulated in a SiO, matrix (Scheme 1, HSQ-composite). The
size of the oxide embedded particles is dependent on both the
temperature and dwell time (see Table 1).

Scheme 1. High Temperature Processing of HSQ To Form a
Composite Consisting of Si-NCs Embedded in a SiO, Matrix
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Table 1. Nominal Annealing Temperatures and Dwell Times
for the Synthesis of Si-NCs of Various Diameters

Si-NC diameter (nm) temperature (°C) dwell time (hours)

3 1100 1
6 1200 1
9 1300 1

Before starting the procedure to make Si-NCs, be sure to
consider the compatibility of your furnace work tube with the
conditions given in Table 1. For example, a quartz tube is suitable
for heating to 1100 °C but softens above this temperature;
temperatures at or above 1200 °C require alumina or zirconia
tubes. One must also determine if the tube is compatible with the
reducing atmosphere as the tube itself may become reduced. A
quartz tube is inert to the reducing atmosphere but a
nonpassivated alumina tube may lead to unintended metallic
aluminum impurities. If the furnace tube specifications are
appropriate for reaching high temperatures (up to 1500 °C) and
it is inert toward the 5% H2/95% Ar atmosphere, particles
described herein can be prepared directly in a single furnace tube.
Otherwise, the preparation of particles of greater than 3 nm
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requires two steps. First, 3 nm particles are produced via heating
to 1100 °C under reducing conditions. The resulting composite
is then transferred to a more thermally resistant tube and heated
in Ar at the desired temperature to increase the particle size.
(Note: Samples are placed in reaction boats within the tube, the
boat composition is typically the same as the furnace work tube.)

Once furnace logistics are resolved, the synthesis can be
performed. The HSQ should be a moderately fine and consistent
powder; grind if necessary. HSQ is added to reaction boats and
should be distributed uniformly throughout (Supporting
Information S1.a). For best results, the boat should not be filled
to more than half of its depth. The size of the boat will be limited
by the diameter of the tube in the furnace. More than one boat
may be filled and loaded into the furnace tube simultaneously
depending on the size and heat profile of the furnace being used.
To ensure best that the HSQ is exposed to a stable temperature,
care should be taken to ensure the boats are within the maximum
heating zone (Supporting Information SL.b); some furnaces
contain plugs to help stabilize the internal temperature. Finally,
in the event that multiple boats are loaded, ensure that the boats
are not in contact with each other to allow for temperature and
gas flow stability.

Gas flow is monitored using a bubbler connected downstream
of the furnace work tube. A bubble rate of ca. 1 mL/s has proven
most effective and it is imperative that the gas remains flowing
throughout the processing procedure. The bubble rate may
increase at maximum temperature as gaseous silanes are formed.
These silanes are reactive and flammable and therefore the
bubbler must be vented in a fume hood. In our experience
combustion of silanes is rarely observed.

After holding at the desired temperature for the appropriate
time, the sample is cooled under gas flow. Do not take steps to cool
the furnace rapidly! Rapid cooling may damage the working tube
and will affect the quality of the composite. Once the temperature
drops below 50 °C, the composite can be safely removed from
the furnace work tube. If effective thermal processing has
occurred, the composite should have a shiny black appearance
and may have fused into larger chunks. The resulting product
(i.e, composite) consists of Si-NCs embedded within a
protective silica matrix and may be safely handled in air.
However, both personal protective equipment and a well-
ventilated fume hood are recommended as airborne particulates
may be present. To liberate the Si-NCs the silica must be
removed via HF etching. However, the as prepared composite is
not suitable for effective HF etching. The surface area must be
increased and the grains must be of a reasonably uniform size.

B GRINDING

The composite is ground manually using an agate mortar and
pestle. The composite is covered with ethanol during the
grinding process (Supporting Information S1.c and video). The
ethanol prevents dust formation and as the grain size is decreased
the composite suspends in ethanol and allows for straightforward
removal from larger grains. It is strongly advised that a dust mask
and fume hood be utilized while grinding. The light brown
suspension that forms can be removed using a Pasteur pipet and
transferred to a thick walled, pear shaped 500 mL glass flask
containing S mm diameter glass beads. Larger particles that settle
from the ethanol slurry require further manual grinding prior to
subsequent suspension and transferring to the flask. Additional
ethanol may be added to the slurry as needed. In general, S g of
composite requires approximately 100 mL of ethanol. The flask is
capped and shaken using a standard wrist action shaker for a

minimum of 6 h. The resulting pretreated composite is readily
collected using a Buchner apparatus. Sonication with ethanol can
be employed to remove composite adhering to the flask wall.
Allow the composite to fully dry before storage. Special storage
requirements are not required; samples of composite can be
safely kept in a standard screw-top vial until needed in the etching
step (Supporting Information S1.d).

B ETCHING

Etching is performed with a commercial aqueous 49% HF
solution. Caution: Solutions of HF are extremely hazardous! In our
research group, a designated laboratory and fume hood is used
and all personnel undergo extensive training. In addition, calcium
gluconate gel and benzalkonium chloride are readily available at
all times. Rigorous safety precautions and personal protective
equipment protocols are strictly followed.”” Local regulations
must be consulted prior to using HF. Teflon lab equipment is
used for all HF manipulations and cleanup of all HF containing
solutions is performed using concentrated solutions of CaCl,.

Other etching procedures have been reported in the literature.
Most significant among them is the use of HCl/ HF,”® which
provides faster etching. However, there is the possibility of
chloride contamination that can adversely affect optical response
and subsequent reactivity of the Si-NCs.® For the purposes of this
paper, a standard HF etching procedure will be described. In a
typical experiment, 0.5 g of shaker-ground composite is weighed
into a 50 mL Teflon beaker equipped with a Teflon coated stir
bar. Five ml of ethanol is added to the composite with sonication
to ensure a uniform suspension is achieved (Supporting
Information S2.a); this typically takes about 1 min. 5 mL of
water is then added and further sonication (about 30 s) is
performed (if composite quantity is varied, use ~1 mL of each
solvent per ~0.1 g of composite).

The addition of S mL of 49% HF solution (the volume of HF
will be equivalent to the amount of water) and commencement
of stirring initiates the etching process (Scheme 2, NP composite

Scheme 2. Production of Hydride Terminated Si-NCs by HF
Etching of the Si-NC Composite
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to free-standing particles). The initial brown suspension will
change in color and appear light yellow-orange over time; this is a
qualitative indication of complete etching (Supporting Informa-
tion S2.b). Etching times vary between 0.5 and 1 h depending on
effectiveness of grinding. The completion of etching should be
judged based on visual evidence as opposed to solely on time.
The etching is quenched by adding approximately 20 mL of
toluene and stirring to suspend the hydrophobic hydride
terminated particles in the toluene layer (Supporting Informa-
tion S2.c). If the etch was efficient, there should be negligible
evidence of solids in the aqueous HF layer. The toluene layer
appears as a suspension of orange particles and the aqueous layer
should be clear/colorless. The top toluene layer, containing
hydride terminated Si-NCs, is then carefully removed using a
plastic pipet and transferred to glass test tubes. The extraction
procedure is repeated until the upper layer is clear, signifying
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complete extraction of the Si-NCs. At this point, the Si-NCs are
freestanding and will exhibit characteristic luminescence under
exposure to UV light. The test tubes containing the Si-NC in
toluene suspension are then centrifuged at 3000 rpm for 10 min.
This yields a clear solution with the particles forming a tight
pellet at the bottom of each tube (Supporting Information S2.d).
The extracted toluene will contain traces of water that will lead to
particle oxidation. Therefore, the supernatant toluene is removed
using a Pasteur pipet. The resulting hydride-terminated particles
can then be redispersed in the dry organic solvent of choice,
although alcohols are a notable exception and should be avoided.
The particles are then transferred to a clean, dry Schlenk flask
prefilled with argon.

A freeze-drying technique is employed if dry particles in
powder form are required. In this case, the particles should be
dispersed in dry benzene and transferred to a clean, dry Schlenk
flask that has been charged with argon. The suspension is frozen
using liquid nitrogen and a vacuum is applied to the flask
(Supporting Information S2.e). The liquid nitrogen Dewar is
removed and the benzene is sublimed in vacuo to yield an orange
powder (Supporting Information S2.f). The freeze-drying
procedure is typically used when subsequent reactions require
the use of a glovebox or the functionalization reaction involves a
water, or air, sensitive ligand.

B PARTICLE FUNCTIONALIZATION

There are numerous methods outlined throughout the literature
for functionalizing Si-NCs.>?*>%>¢777=80" Typically, these
involve activating surface Si—H bonds to create a reactive
silicon surface in the presence of a ligand of choice, resulting in
the formation of a robust Si—C covalent bond between the
ligand and the surface. The most commonly used ligands possess
a terminal olefin and the functionalization proceeds via addition
of the Si—H bond across the C=C bond. The ligand can be
changed to not only change the pendant functional group but
also to define the surface linkage.”****~** For the purposes of
this paper, four common functionalization methods will be
highlighted using 1-dodecene as the prototypical ligand (Scheme
3, functionalization routes). As hydride-terminated Si-NCs are

Scheme 3. Formation of Dodecane Functionalized Si-NCs by
(a) Thermal, (b) Photo, (c) Radical Initiated, and (d) Lewis
Acid Initiated Reactions
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sensitive to oxidation by air and, especially, water, great care is
taken to ensure exposure is minimized during the functionaliza-
tion process. This is crucial, as oxidation will be most prevalent
when the hydride terminated Si-NCs are activated during the
functionalization process. As such, standard Schlenk protocols
are used (Supporting Information S3.a) with glassware oven-
dried at 125 °C and all solvents used in the reactions are dried
and purified using a solvent purification system. Three freeze/
pump/thaw cycles are also performed prior to performing the
reaction in order to remove trace oxygen (Supporting

Information S3.b). If the reagent to be used for functionalization
is not stored under inert conditions, it should be added before
performing the freeze/pump/thaw cycles.

Freshly etched hydride-terminated particles are dispersible in
organic solvents such as toluene and THEF. These particle
dispersions exhibit a cloudy yellow appearance and will settle
over time. Functionalization of Si-NCs creates an outer
protective shell, leading to sterically stabilized colloids and
compatibility with common solvents. For example, when 1-
dodecene is used as the ligand the pendant end is an alkane
making the particle nonpolar in much the same way as an alkane.
As a result, in toluene the hydride-terminated particles are
transformed from a cloudy yellow dispersion to a transparent
orange-yellow solution of dodecene functionalized particles. This
qualitative observation is the first indication that a successful
functionalization has occurred. As a general rule, smaller particles
are more easily dispersed in solvents than their larger
counterparts. For example, 3 nm particles form transparent
solutions in toluene whereas larger (ie, 6 nm or greater)
particles result in cloudy systems. If a polar ligand such as
pentenoic acid is used, the pendant end is a carboxylic acid. In
toluene, evidence of a successful functionalization is the
observation of a clear, colorless solution with Si-NC precipitate
either adhering to the walls of the flask and/or rapidly settling to
the bottom of the reaction vessel.

B THERMALLY INDUCED HYDROSILYLATION

Thermally induced hydrosilylation occurs between the Si—H
surface and a terminal alkene and is initiated by heating the
reaction mixture to ca. 190 °C. Because of the high temperature
requirement, attention must be paid to the choice of solvents and
ligands used. The boiling point (bp) of 1-dodecene is 213.8 °C
and it is a liquid at room temperature. Thus, it is ideal for the
thermal reaction as it can serve both as ligand and solvent.
Alternatively, solvents such as p-dichlorobenzene (bp = 173 °C)
have been used with other high boiling ligands such as 9-decen-1-
ol (bp = 234—238 °C). For our representative ligand, freeze-
dried or centrifuged Si-NCs are dispersed into ca. 20 mL of neat
1-dodecene in a dry Schlenk flask backfilled with argon and
equipped with a Teflon coated magnetic stir bar. This results in a
cloudy yellow suspension. Three cycles of evacuation and
backfilling with argon are performed. The reaction mixture is
then heated to 190 °C and stirred overnight under argon. A
transparent orange-yellow solution is typically observed.

Microwave reactors may also be used to carry out thermal
reactions. The reaction vial is sealed and pressures of up to 10 bar
can be accommodated. Thus, temperatures well above boiling
may be used. This allows the use of lower boiling ligands and
solvents such as toluene or THEF. Consult the user manual for the
maximum solvent temperatures and pressures applicable to each
microwave reactor.

Bl RADICAL AND LEWIS ACID-INITIATED
HYDROSILYLATION

Radical initiated hydrosilylation is advantageous as it requires
relatively mild conditions. Two primary radical initiators have
been used for hydrosilylation. Azobis(isobutyronitrile) (AIBN)
and benzoyl peroxide are used in catalytic amounts (~5% by
weight based on mass of composite used) and require gentle
heating (60 °C for AIBN and 85 °C for benzoyl peroxide).
Borane (1.0 M in THF) is a Lewis acid initiator and requires
equimolar amounts with respect to the ligand but the reaction
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can be carried out at room temperature. For these reactions, Si-
NCs are dispersed in the dry solvent of choice (typically toluene)
and transferred to a dry, argon filled Schlenk flask equipped with
a Teflon coated magnetic stir bar. An excess of previously dried 1-
dodecene is then added to the cloudy yellow suspension. For
example, 3 mL of dodecene is suitable for a reaction starting with
0.25 g of Si-NC composite. Three freeze—pump—thaw cycles are
then performed. Finally, the radical or Lewis acid initiator of
choice is added to the reaction mixture. As these are either dry
solids or solutions stored under dry, inert conditions, no further
drying or purification is necessary. With stirring, the reaction
mixture is heated as defined by the initiator used. As with the
thermal method, after time the reaction mixture becomes a
transparent orange-yellow solution. Typical reaction times are at
least 6 h as the radical initiators, especially AIBN, require an
activation period.

B PHOTOCHEMICAL HYDROSILYLATION

Si-NCs have a Bohr exciton radius of S nm. Below this threshold,
quantum size effects occur. These effects give rise to unique
characteristics such as visible photoluminescence. However,
quantum confinement also impacts photochemical reactions in
that exciton mediated reactions such as photochemical hydro-
silylation are restricted for particles greater than S nm in
diameter."!

Photochemical hydrosilylation reactions are carried out in
Schlenk flasks equipped with quartz inserts that can hold house-
made 365 nm, 450 mW UV LED probes (2 LEDs per probe,
purchased from Nichia Corporation, Tokyo, Japan) (Supporting
Information S3.c). These reactant mixtures are prepared in the
same way as those used in radical or Lewis acid initiated
reactions; however, no initiator is added. Once the freeze—
pump—thaw cycles are complete the UV LEDs are inserted and
turned on to initiate the reaction (Supporting Information $3.d).
The reaction vessel is wrapped in aluminum foil or another UV
resistant protective barrier to prevent exposure to stray UV light.
Reaction time is typically a minimum of 6 h although this time
may be shortened if a more intense UV source is used.

Bl PURIFICATION

Functionalized Si-NC purification is performed using a solvent/
antisolvent washing method. The goal is to have a solvent
combination in which the excess ligand is soluble but the particles
are not readily dispersible. The functionalized Si-NCs are
successively washed and centrifuged in order to remove excess
starting material and other impurities. The dodecane function-
alized Si-NCs are dispersible in toluene and, if the reaction was
performed in neat dodecane, the particles will be highly
dispersible. Purification for dodecane functionalized Si-NCs
requires the addition of a polar antisolvent, typically ethanol or
methanol. A 1:1 mixture of ethanol and methanol may also be
used. A minimum of 50% antisolvent is required, however,
depending on how stable the particles are in solution, a higher
proportion of antisolvent may be required. Upon addition of
antisolvent, the sample typically becomes less transparent as the
particles destabilize in solution. The sample is then centrifuged at
12000 rpm for 20—30 min to form a solid pellet at the bottom of
the centrifuge tube. These parameters can be adjusted based on
the capabilities of the centrifuge and the properties of the sample
and solution system. The supernatant is removed and the
particles are dispersed in a small amount of solvent. Antisolvent is
added followed by mixing and centrifuging again. The particles

must be redispersed in the fresh solvent before centrifuging for
effective washing. This washing sequence is typically performed a
total of three times. Finally, the functionalized Si-NCs can be
dispersed in the solvent of choice for storage, usually toluene for
nonpolar functionalities. As the Si-NCs are now passivated
special storage precautions are typically not required and simple
storage in a vial is sufficient (Supporting Information S3.e). The
final sample may also be filtered through a 0.45 ym PTFE syringe
filter to remove large aggregates. This general procedure is
applicable to all particle functionalities but the choices of solvents
and antisolvent will vary based on the type of ligand as this
changes the polarity of the functionalized particles.

Each of the functionalization methods described here have
been shown to be effective (Table 2). However, care must be

Table 2. Summary of the Advantages and Disadvantages of the
Various Functionalization Methods

func. method advantages disadvantages
thermal 1. most complete surface 1. oligomerization
coverage
2. solvent/reagent
compatitbility
3. high boiling solvents
required
radical 1. wide array of ligands 1. nonspecific
functionalization
2. different si linkages 2. potential impurity from
catalyst
Lewis acid 1. wide array of ligands 1. incompatible with alcohols
2. room temperature 2. large amount required
photochemical 1. only ligand and Si-NCs 1. limited suitable reagents

present

2. restricted to S nm or less Si-
NCs

microwave 1. withstand high pressure 1. specialized instrumentation

2. low boiling solvents can 2. precipitation may cause vial

be used breakage

taken to choose the appropriate method according to the type of
functionalization required. The thermal method tends to give the
most complete surface coverage but oligomerization has been
observed with long chain alkenes. Also, the thermal method is
not readily compatible with low boiling or thermally unstable
solvents or ligands. The microwave method is a closed system
that can tolerate moderately high pressures allowing the use of
lower boiling components. Aside from the requirement for
specialized instrumentation best results are obtained for samples
that form well dispersed systems as excessive precipitation may
cause localized heating and lead to vial breakage. Radical
initiators are effective for use with a wide array of ligands and can
create different linkages to the surface such as Si—N and Si—O
bonds. However, if the ligand of choice has two reactive ends
(e.g., 9-decen-1-ol), both may react with the particle causing a
mixed functionalization. Lewis acid mediated reactions are not
catalytic and a relatively large amount of borane is required.
Normally, this is not a deterrent; but if an alcohol is present, a
large excess of borane is needed to overcome the preferential
interaction with the alcohol before the functionalization can
occur. Photochemical hydrosilylation does not introduce
impurities in the form of additional reagents but it is not
compatible for all ligands. Ligands that photodegrade or
polymerize are not effective with this method. Also, photo-
chemical reactions are only effective in reacting alkenes with the
silicon surface for nanocrystals less than S nm in diameter.
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Photochemical activation is advantageous if one must prevent
pendant groups such as alcohols or carboxylic acids from
attaching to the surface.

B CHARACTERIZATION

Characterization of Si-NCs can be challenging. A recent
commentary outlined the essential information needed for a
full and complete characterization of inorganic nanomaterials.*>
To characterize suitably a functionalized nanocrystal, one must
gain information regarding particle composition, size and shape,
extent and orientation of surface functionality, and the physical
or optical properties. It is fair to consider characterization of
nanocrystals as a puzzle. No one single technique provides an
unambiguous confirmation of the structure; multiple comple-
mentary techniques must be used together to provide as clear a
picture as possible. Full particle analysis is time-consuming and
expensive. Fortunately, it may not be necessary to apply every
characterization technique to every sample, especially if a series
of similarly functionalized particles are to be synthesized. The
following section does not go into detail about each technique.
Rather, it is intended to help the researcher to minimize
extraneous characterization and understand the requirements for
full characterization (Table 3).

Table 3. Summary of the Information Obtained from the
Primary Si-NC Characterization Techniques

characterization
technique information obtained
XRD establish crystallinity, estimate particle diameter from

composite

photoluminescence  evaluate quality of etched particles

IR evaluate extent of functionalization

XPS measure particle oxidation and presence of heteroatoms
TEM establish particle diameter and size distribution

SAXS particle diameter and size distribution of suspensions
DLS hydrodynamic radius of particles in suspension

A key component to nanocrystal synthesis is size. For the
purposes of this paper, size is synonymous with diameter as all of
the particles described here are pseudospherical. X-ray diffraction
(XRD) is a relatively straightforward and rapid way to effectively
determine the quality of a Si-NC/SiO, composite prepared using
the presented procedure and can be used to establish the
consistency of a new particle synthesis method. The first
indication of Si-NC size is obtained from the ground composite
via XRD. The XRD peaks, which are representative of the lattice
planes of the crystalline Si-NC, broaden as the particle diameter
decreases (Figure 1) and the Scherrer equation can then be
applied to determine the diameter.*® If the XRD shows only
amorphous character (i.e., no reflections indicating the Si lattice
planes are present), this is an indication that Si-NCs did not form.

Photoluminescence (PL) spectroscopy, due to its straightfor-
ward and nondestructive nature, is invaluable in monitoring and
evaluating Si-NCs of less than 5 nm. Particles of larger diameters
can be seen by PL spectroscopy if near IR detection is available
(Figure 2). PL spectroscopy cannot be used as a standalone
technique but it does provide useful information during the
course of an experiment. Using a UV light deck or portable UV
penlight, a quick check of PL of a suspension of freshly etched 3
nm hydride terminated Si-NCs in toluene shows emission in the
orange-red region of the visible spectrum. The observation of PL
indicates that the Si-NCs are not fully oxidized or dissolved away.

—3nm
— 6nm
— 9nm

Intensity (a.u.)

26(degree)

Figure 1. X-ray diffraction curves for composites of 3, 6, and 9 Si-NCs
within SiO, matrices. Characteristic (111), (220), and (311) reflections
of the Si diamond lattice are identified. The broad peak at 20° is due to
amorphous SiO,.

PL Intensity

600 700 800 900 1000 1100
Wavelength (nm)

Figure 2. Photoluminescence spectroscopy spectra of 3 nm (black), 6
nm (red), and 9 nm (blue) dodecane functionalized Si-NC.

In some cases, PL can give a crude indication of particle size in
that smaller particles emit at shorter wavelengths but researchers
should be cautioned that other factors, such as surface groups,
contribute to the wavelength of emission. In our laboratory, PL is
used routinely to follow the course of a functionalization reaction
as functionalized particles often show emission at a different
wavelength than hydride-terminated particles. (This quick visual
check is not applicable to particles S nm or greater in diameter.)
Note that some ligands cause quenching of the PL, which can
also be used as evidence of a reaction. As always, one must be
aware that luminescence may not always be due to the presence
of Si-NCs as many molecular species also emit under UV light;
observation of PL alone should not be considered as definitive
proof of a reaction.

A great deal of useful information about nanocrystals can be
gained by qualitative observations. When performing a large
number of related reactions, these observations can help to
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reduce the time spent on characterization. For example, freshly
etched hydride terminated Si-NCs in toluene are a cloudy yellow
suspension but form a transparent yellow solution after
functionalization with dodecane. Conversely, after functionaliza-
tion with a polar end group such as —COOH, the particles are
completely insoluble in toluene but readily disperse in ethanol.
One can often surmise if the reaction appears successful allowing
for the decision to proceed with further characterization.

After functionalization, infrared spectroscopy (IR) serves as
the front-line technique and is performed on virtually every
sample. Although IR is suited for molecular species, it can be
useful in evaluating the particle surface and, hence, the
functionalization. It is imperative that before an IR spectrum is
obtained, that the Si-NCs are purified to remove excess ligand
from the sample. It is crucial to know if the ligand peaks in the IR
are from the free ligand or from those attached to the particle
surface. If the particles are washed effectively, the likely answer
becomes that they are attached. The main signals for the hydride
terminated Si-NCs are attributed to Si—H, (x = 1, 2, 3; ca. 2100
cm ™) and Si—O (ca. 1065 cm™") bands. After functionalization,
there is a distinct reduction in the relative intensity of the Si—H
band and the appearance of bands characteristic to the ligand.
The intensity of the Si—O band can be used as an approximate
guide to the level of surface oxidation that occurs during
functionalization and workup. The IR spectra for the hydride
terminated Si-NCs and dodecane functionalized particles are
shown in Figure 3 and illustrate these expected changes.

v(CH,) o(SiH,) 8(CH,) v(Si0)

(a)

(b)

Transmittence

T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm-1)

Figure 3. IR spectroscopy spectra for (a) freshly etched hydride
terminated Si-NCs and (b) dodecane functionalized Si-NCs.

Spectrum A shows the presence of oxide upon etching, but it
should be noted that near oxide-free Si-NCs can be obtained if
appropriate care is taken. Limited information is available from
IR spectra thus agreement between the qualitative observations
(e.g, solubility) and the IR data is typically required before
proceeding with other more involved techniques.

X-ray photoelectron spectroscopy (XPS) is performed
periodically on samples that show promise based on the
previously described characterizations. In our laboratory, XPS
is not used as a survey technique. Rather, it is typically used
periodically to establish and verify the progress of research and is
predominantly used once experimental procedures are properly
established and the work is nearing publication. XPS allows for

the elemental composition of the nanocrystals, including the
surface ligands, to be identified. Therefore, if there is a unique
element such as N or F in the ligand, the presence of this element
in the XP spectrum typically indicates that functionalization has
occurred. XPS also gives an indication of the extent of oxidation
but it is less sensitive than FT-IR for this purpose. Fitting of high
resolution XPS data provides further information regarding
oxidation states, which can in turn indicate connectivity.
Information regarding the level of oxidation of Si can also be
cross-referenced by inspecting the intensity of the Si—O—Si band
in the IR spectrum. The XP spectrum and subsequent fitting
using Casa software®” for 3 nm Si-NCs functionalized with
dodecane is shown in Figure 4.
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Figure 4. X-ray photoelectron plot of dodecane functionalized Si-NCs
(black line). The various oxidation states of silicon that are present
(colored lines) are determined by fitting.

Depending on the nature of the research, the final character-
ization method is transmission electron microscopy (TEM).
Representative TEM images along with particle size distributions
determined using Image] software®” are shown in Figure 5. TEM

Figure S. Bright field transmission electron microscopy images with
accompanying high resolution TEM and size distribution graphs for (a)
3 nm, (b) 6 nm, and (c) 9 nm and dodecane functionalized Si-NCs.

is exceedingly valuable as it not only confirms the core size and
shape but allows for the determination of size distribution. TEM
is both costly and labor/time intensive to run and inexperienced
users may be prone to overinterpreting the data. For example,
aggregation can be caused during sample preparation and/or
crystallization can occur in the electron beam. As a result the
images may not be representative of the original sample.
Furthermore, Si-NCs can be difficult to distinguish from the
background due to their small size and relatively low contrast.
The value of a TEM image increases greatly when combined with
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energy dispersive X-ray (EDX), which provides elemental
analysis of the particle core and functional groups. Lattice
spacing can also be determined which further confirms the
identity of the particle core.

Alternatively, particle sizing can be performed using small-
angle X-ray scattering (SAXS).11 SAXS measurements are made
using dilute suspensions of nanomaterials and provides
quantitative particle diameter and distribution data. SAXS
measurements are rapid and require minimal sample preparation.
However, careful mathematical fitting of the data is required for
analysis. In some cases, particle sizing in solution (hydrodynamic
diameter) is more important than the core size. This is often the
case for biological or environmental research. In these cases,
dynamic light scattering (DLS) is a valuable tool. DLS is far more
straightforward and much more inexpensive to perform
compared to TEM. There is no aggregation due to sample
drying; however, DLS requires the particles to undergo
Brownian motion, which can be difficult to achieve with samples
that disperse poorly.

Bl CONCLUSIONS

Si-NCs produced using high temperature processing of HSQ are
of high purity with a tunable and narrow size distribution. As
these particles provide a blank canvas, the effects of impurities,
surface groups, particle size, or the origin of luminescence can be
studied. These particles can then be functionalized using a
number of different methods; the method chosen based on the
numerous potential ligands and surface functionalities. Reliable
characterization of functionalized Si-NCs is both crucial and
challenging. A sensible and practical approach to characterization
enhances the efficiency of our research without compromising on
quality. Carefully established experimental and characterization
procedures such as those described in this paper provide a basis
for successful synthesis of functionalized Si-NCs. These
procedures can be adapted in a cost efficient way to be utilized
in most inorganic synthetic laboratories. Si-NCs continue to
show promise in commercial applications and we consider the
contributions of our lab as one of many in advancing
fundamental Si-NC research.
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