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Elemental silicon is of great technological importance. Single-
crystal silicon is the basis of the computer revolution while
polycrystalline silicon has applications in photovoltaic devites.
Recently, nanocrystalline silicon has received a great deal of
attention due to its particle size dependent optical and electronic
properties® Several different routes are now available for the
preparation of such nanoparticles, including both gas-phase and
solution decomposition of silanés’ the reactions of silicon Zintl
salts with silicon halidé€s'? as well as the solution reduction of
silicon halides by sodiur#® lithium naphthalenide or hydride '
reagent$>16or reduction of Si(OEf)with sodium?” Although there £ a
has been significant progress in size and shape contro-aflll '
and I11I-V semiconductor&g there has been very little in the pursuit ‘
of Si nanoparticles. A degree of control has been claimed through
the use of inverse micellé§however, the size of silicon particles  Figure 1. Bright-field TEM22 image of a holey carbon grid on which the
produced ranges from 1 to 10 nm in diaméteté Control may be silicon nanocrystals (dark triangles) have been precipitated. Darkness is
possible through the use of coordinating ligands and supercritical "élative to electron beam opacity of the sample. The inset in the top left is

. . S . the SAED spot pattern for the particles, consistent with diamond crystalline
fluids to produce a smaller size distribution of nanoparti¢l&he silicon.
use of lithium naphthalenide to reduce SiGhs been reported to
produce amorphous silicon nanoparticles, although details were not
provided!# While solution reduction routes to silicon nanoparticles
have been reported, it has been suggested that both high temper
atures and high pressures are necessary to obtain crystalline silicon
These conditions are usually obtained by bomb reactions or
ultrasonicatiort3” We now report a room temperature solution
synthesis of crystalline silicon nanoparticles with well-defined
crystal facets.

Tetrahedral shaped silicon nanocrystals were produced by sodium
naphthalenide reduction of silicon tetrachloride in 1,2-dimethoxy- Figure 2. (A) An AFM topograph of a typical silicon nanocrystal on a
ethane followed by surface termination with an excessnof mica(0001) surface. (B) The corresponding cursor profile across the top of
butyllithium 20 The stoichiometry of the reaction was calculated the tetrahedral particle, which reveals a height of 26 nm.

such that after complete consumption of the sodium the silicon:  The three-dimensional geometry of the silicon nanocrystals can
chlorine ratio would be 4:1. The rationale behind this stoichiometry pe girectly observed by using atomic force microscopy (AFM).

is that an active StCl surface should be left on the particles formed,  Figure 24 is an AFM topograph of a typical nanoparticle, which

which allows surface termination withrbutyllithium. The use of  reveals the tetrahedral geometry of the nanoparticle. The height of
sodium naphthalenide rather than bulk sodium ensures homogeneitythe nanocrystal, read from the corresponding cursor profile in Figure
of the reaction mixture. Both thiéi and'*C NMR spectra displayed 2B, is 26 nm. The height of most nanoparticles ranges from 20 to
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broad resonances in a region consistent with the presemebid/| 40 nm. The actual width and slope are sharper than the cursor profile
groups as well as aromatic resonances due to surface naphthaleng, Figure 2B as the tip geometry is convoluted into the lateral
moieties?! direction of the AFM topograph.

The bright-field transmission electron microscope (TEM) image  The SAED pattern is from several of the particles shown in the
of a number of the silicon nanoparticles on a holey carbon grid, TEM image and thus multiple zone axis patterns are observed. The
along with the selected area electron diffraction pattern (SAED), [111] zone axis pattern for diamond cubic is the most prevalent,
is given in Figure 1. To prepare the TEM grids the sample was along with the [112] zone. The [111] zone axis pattern is indicated.
diluted approximately 100-fold in hexane and sonicated to resuspendThe diffuse rings arise from the amorphous carbon of the holey
the nanoparticles. A 20L aliquot of this solution was dropped on  carbon grid.

a holey carbon grid which was then dried in an oven at or A survey of 55 particles from several different areas on the grid
1 h. The dark triangular shapes are the silicon nanoparticles. gave edge lengths between 40 and 130 nm with 95% of the patrticles
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In conclusion, the reduction of silicon tetrachloride with sodium
naphthalenide in 1,2-dimethoxyethane at ambient temperature and
pressure, followed by termination witlbutyllithium, gives rise
to faceted tetrahedral silicon crystallites. Further investigations on
the effects of conditions on the nature of the nanoparticles formed
and the extension of the technique to other members of the silicon
group are in hand.
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falling within the 46-80 nm range and 80% falling within the 50
70 nm range.

Hexane solutions of these particles showed no evidence of
photoluminesence attributable to silicon nanoparticle quantum
confinement. For such effects to be observed the particles need to
be substantially smallét.

A Wurtz-type coupling mechanism can be used to explain the
oligimerization of silicon chloride precursors into a hanoparticle.
Sodium naphthalenide acts as a soluble and active source of sodium
metal. It can exchange alkali metal for halide on silicon. The
resulting species can then react with another silicon halide to give
a silicon—silicon bond. This can explain both the intermolecular
formation of Si~Si bonds needed to add an atom to the growing
cluster and the intramolecular bond formation required to close the
six-membered rings of the silicon diamond structure.

Comparison of scanning electron microscope (SEM) to TEM
images in Figure 3 shows a TEM image of the particle that is
smaller than that in the SEM. The SEM shows an obvious core
triangle with a less well-defined surface coating. This is consistent
with a layer of organic material covering the nanocrystals, which
is visible in the SEM but not the TEM. The surface material appears
to be beam sensitive, consistent with an organic rather thap SiO
coating.

The particles obtained are of interest for several reasons. While
relatively large, they are of a limited size distribution, without the
need for complicated separation techniques. They are also all of
the same morphology.

The crystal shape is of interest. For tetrahedral crystals of a
diamond cubic crystal type the (111) plane must give rise to the
facets. For a given single crystal the most prevalent faces will be
those with the slowest growth. The face with the greatest surface
roughness and largest number of dangling bonds will give rise to
the fastest growth, while the smoothest with the least number of
dangling bonds will have the slowest face growth and thus be the
most prevalent face. In the case of diamond crystalline silicon, the
choice of facet greatly changes the number of dangling bonds.
Cleavage through the (111) plane gives rise to surface silicon atoms
with only one dangling bond whereas through other planes surface
silicon atoms with more dangling bonds are observed. The slow
growth of the (111) plane is consistent with this. He ion implanta-
tion/annealing experiments also suggest that the (111) face has the
lowest surface free energy and is the most stable sutface.

While the same reaction in solvents other than 1,2-dimethoxy-
ethane gave rise to crystalline silicon (as determined by TEM), the
particles obtained were significantly smaller and contaminated with
large amounts of organic byproducts.
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