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The surface chemistry and structure of nanosized silicon, as obtained by high-energy ball
milling and its subsequent dispersion in ethanol, via sonication-assisted oxidation, is
presently described. These Si/SiOx suspensions that spontaneously assemble on glass surfaces
were investigated as a function of pH in a variety of oxidizing agents and atmospheres.
Spectroscopic characterization indicates that at pH 5 or below and in the absence of H2O,
the Si-OEt groups present on the surface of these nanoparticles get protonated, providing
the driving force to assemble on less positively charged glass substrates. X-ray photoelectron
spectroscopy concurs with a core/shell (Si/SiOx) nanoparticle structure, with an average Si-
atom ratio of 45/55 and x in the order of 1.5. In addition, Raman investigation suggests that
the Si core in these nanoparticles (45% of the total Si-atom content) is composed of crystalline
(34%) and amorphous (11%) parts.

Introduction

Nanosized silicon has attracted considerable interest
for applications in microelectronics,1-3 optoelectronics,4
photonics,5-10 and hybrid composite materials.11-13 The
high refractive index and low absorption coefficient of
crystalline silicon14 renders it suitable for manufactur-
ing photonic band gap (PBG) structures.8,15-17 Recently,
our laboratory reported a method for the preparation
of colloidal suspensions of Si nanoparticles and nano-
composites with refractive index as high as 3.2 and

increased transparency in the red part of the visible
spectrum.18 With an average size of 20 nm and size
distribution of 25%, these particles are large enough to
have refractive index as high as bulk Si19 and small
enough to exhibit a blue shifted absorption due to Mie
scattering and local field effects.18,20 Moreover, since
these particles are smaller than 1/10 of the wavelength
of the transmitted light, Rayleigh scattering can be
minimized assuming that no agglomeration takes place.21

Self-assembly of nanosized Si could potentially ease the
fabrication of high refractive index nanocomposites as
well as complex three-dimensional periodic structures
for PBG applications. The controllable growth of SiOx

coatings on these nanoparticles, via a sonication-as-
sisted oxidation process, provides an effective avenue
for passivation/cladding, along with the ability to per-
form siloxane-based chemistry for further surface modi-
fication.22 Tetraethoxysilane (TEOS), a byproduct of the
sonication-assisted oxidation, was shown to be crucial
for the growth of self-assembled films with suppressed
scattering.22 This paper sheds more light on the fabrica-
tion and structural composition of these Si/SiOx core/
shell nanoparticles along with an in-depth understand-
ing of the surface chemistry that drives their self-
directed assembly on glass substrates.
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Experimental Section

Preparation of Colloidal Silicon Suspensions. The
high-energy milling process used to prepare nanosized silicon
has been described elsewhere.18,23 After a 5 h milling process,
the steel vial was unloaded and stored in an oxygen- and
moisture-free glovebox. A portion of 200 mg of the nanomilled
Si powder was placed in polypropylene containers and soni-
cated (using a Fisher Scientific FS9 ultrasonic cleaning bath)
overnight in a mixture of 75 mL of ethanol (100%) and 8.6 ×
10-7 mole of oxidizing agent (either benzoyl peroxide, dicumyl
peroxide, peracidic acid, or 3-chloroperbenzoic acid). During
the sonication, the atmosphere was carefully controlled with
ca. 1.5 atm positive pressure (with a gas of choice). The
sonicated suspension was then centrifuged at 3000 rpm for
90 min in a Sorvall Superspeed RC2-B centrifuge at room
temperature. The supernatant liquid, containing the colloidal
nanosilicon, was carefully removed and stored in sealed glass
containers, to be later characterized based on the nature of
oxidizing agent and surrounding atmosphere (either air,
oxygen, argon, or nitrogen).

The pHs of the ethanolic suspensions of Si nanoparticles
were measured with an Accumet 1001 Fischer Scientific pH
meter equipped with a standard size porous glass electrode
and an internal Ag/AgCl reference.

Characterization Techniques. Glass or quartz substrates
were cleaned using piranha solution (7:3 H2SO4/H2O2) followed
by copious rinsing in deionized H2O, dried with compressed
air, and stored in ethanol (100%). A Denton model DV-502A
was used to thermally evaporate gold or silver on glass
substrates operating at pressures below 10-6 Torr. To improve
adhesion of gold on glass, a chromium-pretreated glass was
used as a substrate for the evaporation of gold.

UV-vis spectra were recorded on a Perkin-Elmer Lambda
3840 array spectrophotometer. The pH of the as-obtained Si/
SiOx ethanolic suspension after the sonication/oxidation pro-
cess with benzoyl peroxide was 5.5. Successive centrifugation
(10 000 rpm), decantation, and refilling with fresh ethanol
were used to raise the pH of the ethanolic suspension of Si/
SiOx nanoparticles from 5.5 to 7.8. Seventeen glass vials were
filled with equal volumes of nanosilicon colloid suspension,
adjusted to different pHs by adding benzoic acid, and the
suspensions were sealed and left standing at room temperature
(25 °C) for 12 h. The pHs of the remaining 16 suspensions were
lowered by addition of various amounts of benzoic acid. By the
utilization of a custom built vial holder, the room-temperature
absorption spectra of the central part of these vials were
collected against a background of a similar sealed vial filled
with ethanol.

Fourier transform IR (FTIR) spectroscopy data was obtained
from a Nicolet Magna 560 using a TeGeSe detector with 4 cm-1

resolution. Thin films of Si nanoparticles were deposited or
assembled on double polished Si wafer, coated on both sides
with ca. 400 Å of thermally grown silicon oxide (using dry O2

at 900 °C for 20 min) and held at an angle of 45° with respect
to the incident IR beam. This increases the sampling path
length and eliminates the interference fringes from the double
polished silicon wafer. A minimum of 128 scans were signal
averaged, and the background, consisting of double polished
Si wafers and air, was carefully subtracted from the sample’s
spectra.

Raman spectra were recorded on a Renishaw Ramanoscope
system equipped with a microscope, in which the laser spot
size could be focused to be as small as 1 µm in diameter (×100
objective), and power output of 35 mW. The Raman spectra
were collected using a 514.5 nm excitation argon ion laser. The
instrument was calibrated using high-purity single crystal
(100) Si. Samples of the starting polycrystalline Si powder were
of 99.5% nominal purity; the as-milled Si and the self-
assembled Si/SiOx nanoparticles were cast or assembled on
glass substrates that were previously covered with gold
(thickness higher than 130 nm). Both crystalline Si (c-Si) and

amorphous Si (a-Si) Raman peaks were well fitted with
Gaussian-Lorentzian functions.

Gas chromatography and mass spectroscopy (GC/MS) analy-
ses were performed using a HP 6890 series GC system and a
HP 6890 series mass selective detector.

X-ray photoelectron spectroscopy (XPS) data was obtained
on a PHI ESCA 5300 X-ray photoelectron spectrometer,
equipped with a monochromatic Al KR anode X-ray source
(1486.4 eV) and hemispherical analyzer. The photoelectron
takeoff angle was set at 62°. Binding energies were corrected
from static charging of the samples by referring them to the
C (1s) peak arising from airborne carbon contamination at
284.6 eV. To avoid contribution from glass or SiOx-coated Si
substrate, the self-assembly of Si/SiOx nanoparticles was
performed on a silver-coated glass substrate. The as-milled
silicon samples were stored in a glovebox under positive
pressure of nitrogen and transferred to the antichamber of the
XPS apparatus using a specialized vacuum jacket unit that
ensures minimal contamination during the transfer process.
The Si0, Si1+, Si2+, Si3+, and Si4+ components were fitted with
Gaussian-Lorentzian function. The energy positions of the
deconvoluted peaks were constrained to values approximately
10% off those previously reported (see Table 2).24,25 To ac-
curately fit the different peaks, the full width at half-
maximums (fwhm’s) were allowed to vary from 15 to 40% off
the values previously reported.26

Results

XPS is particularly suitable for the study of nonsto-
ichiometric silicon oxide thin films and nanoparticles27

and was utilized to determine the relative amount of
SiO2 and other suboxides on the surface of these silicon
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Table 1. Effect of Oxidative Agents as a Function of pH
and Surrounding Atmosphere to the Preparation of

Metastable Si/SiOx Nanoparticle Suspension. MS Refers
to Obtaining Metastable Suspensions, Which

Self-Assembled on Glass Substrates. “s” Refers to
Obtaining No Suspension (i.e., the nanoparticles

remained aggregated and quickly precipitated out)

atmosphereoxidizing
agent

suspension
pHa oxygen argon nitrogen air

benzoyl peroxide pH < 5 MS s s MS
peracidic acid pH < 4 s s s s
dicumyl peroxide pH > 7 s s s s
dicumyl peroxide pH < 4b MS s s MS
3-chloroperbenzoic

acid
pH < 5 MS s s MS

a pH obtained after sonication, unless otherwise noted. b pH was
lowered to below 4 by bubbling HCl.

Table 2. Energy Positions, fwhm’s, and Percentage of
Total Area for Si0 and Various Suboxides as Determined

by Fitting the Si 2p XPS Spectrum Shown in Figure 2

energya (eV) fwhm (eV) % of total area

Si0 0 1.2 43.9
Si1+ 0.87 0.8 8.3
Si2+ 1.81 1.1 4.7
Si3+ 2.95 1.4 18.4
Si4+ 3.92 1.5 24.7
a The energy positions of various suboxides are reported with

their offset relative to that of Si0 at 99.07 eV.
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nanoparticles during various stages of its chemical and
physical modifications.

A detailed scan for Si 2p is shown in Figure 1. The
dotted line (I) is for the bare silver-coated glass, which,
as expected, exhibits a relatively flat background in the
96-110 eV region. The silver-coated glass substrate was
immersed in an ethanolic suspension of Si/SiOx nano-
particles for 3 h, and its XPS spectrum was recorded.
The solid line (II) illustrates the XPS spectrum of this
self-assembled film of Si/SiOx nanoparticles, which
closely resembles that of bare Si/SiOx nanoparticles (not
presently shown). The inset of Figure 1 illustrates the
deconvolution of the SiOx peak to its various suboxide
components (e.g., Si1+ (Si2O), Si2+ (SiO), Si3+ (Si2O3),
and Si4+), further elaborated in the Discussion.28,29 The
dashed line (III) illustrates the Si 2p spectrum of the
as-milled silicon nanopowder. Particular care was taken
to avoid exposure of the nanomilled Si to ambient
(moisture and oxygen) environment. The presence of the
strong Si0 signal, peaking at 99.1 eV, and the lack of
any detectable signal in the 101-104 eV region, char-
acteristic of SiOx species, signifies the successful exclu-
sion of water and oxygen during the nanomilling and
storage processes.

Figure 2 depicts the effect of pH on the stability of
the suspension of Si/SiOx nanoparticles. As the pH is
lowered, the stability of the ethanolic Si/SiOx dispersion
points to the presence of three different regimes. In
regime I (pH ranging from 7.8 to 6.7), the Si/SiOx
nanoparticles were found to be stable over a couple of
years, showing neither agglomeration/precipitation nor
adsorption onto the sidewalls of the vial. In regime II
(pH ranging from 6.7 to 4.9), the nanoparticles formed
large agglomerates that precipitated, leaving behind
ethanol that does not absorb at 330 nm. In regime III
(pH ranging from 4.9 to 3.8), the nanoparticles sponta-
neously adsorb on all glass surfaces. Due to adsorption
of these nanoparticles onto the bottom as well as the

sidewalls of the vial, the midlevel absorption is de-
creased by about 25%.

Raman spectroscopy has been shown to be a suitable
technique for the study of different forms of Si.
Qualitative30-32 and quantitative33,34 characterizations
of thin films with polycrystalline and amorphous Si have
been previously reported.27,35 Figure 3 illustrates the
Raman spectra of (A) the starting polycrystalline Si
powder (99.5% nominal purity and 325 mesh size) as
obtained from Alfa Aesar, (B) the as-milled Si nanopo-
wder, and (C) the self-assembled Si/SiOx nanoparticles
from the ethanolic suspension (12 h) on gold substrates.
The deconvolution of these Raman spectra to their
polycrystalline and amorphous contents is further elabo-
rated in the Discussion.

The relative contribution of the organic-inorganic
chemical functionalities of these Si/SiOx nanoparticles
and their assemblies have been characterized by FTIR.
Figure 4A depicts the FTIR spectrum of Si/SiOx nano-
particles, deposited by drop casting and solvent evapo-
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Figure 1. Detailed Si 2p XPS scans for as-milled nanosized
silicon (III) (dashed line) and self-assembled Si/SiOx nanopar-
ticles (II) (solid line) on top of silver-coated glass substrates
(I) (dotted line). The inset depicts the deconvolution of (II) to
its various suboxide components.

Figure 2. Normalized absorption for ethanolic Si/SiOx sus-
pensions as a function of pH. Suspension stability exhibits
three distinct pH regimes (see text for details). Curve is drawn
to guide the eye.

Figure 3. Detailed Si (c-Si due to the q ) 0 transverse optical
(TO) phonon modes and a-Si) Raman spectra of the starting
polycrystalline Si powder (A), the as-milled nanosized silicon
Si (B), and self-assembled Si/SiOx nanoparticles (C) on gold
substrates.
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ration on a double polished Si wafer, coated on both
sides with ca. 400 Å of thermally grown SiO2. Particular
effort was taken to remove all solubilized reagents
(benzoyl peroxide) and side products (TEOS, benzoic
acid, and benzoylethylester) that originated from the
sonication/oxidation process, prior to drop casting, using
four successive cycles of centrifugation (10 000 rpm),
supernatant decantation, and refilling with fresh etha-
nol. The presence and absence of TEOS, a byproduct of
the sonication/oxidation process, has been argued to play
an important role in this self-assembly process.22 Figure
4B illustrates the FTIR spectrum of the Si/SiOx as-
semblies following a 12 h immersion in an ethanolic
suspension of silicon nanoparticles (whose FTIR is
shown in Figure 4A), where its pH was lowered to 4.7
using benzoic acid. This is compared to Figure 4C, which
depicts the FTIR spectrum of a 12 h Si/SiOx assembled
film, where the unreacted organic reagents and side
products produced during the sonication/oxidation pro-
cess (i.e., TEOS) were not removed.

Discussion

The formation of stable Si colloids in polar protic
solvents (e.g., EtOH, MeOH, H2O, etc.) has been at-
tributed to the growth of an outer shell of a thin SiOx
passivating layer.18,22,36-38 The formation of “meta-
stable” Si/SiOx nanoparticle suspensions (that are ca-
pable of self-assembling on a variety of substrates at
pHs below 5.5) depends greatly on the chemical groups
present on the surface and the extent of the ionization.22

On the basis of the similar optical characteristics for
both suspensions (isolated nanoparticles) and assem-
blies (densely packed nanoparticles), it is safe to con-
clude that the thickness of the SiOx coating adequately
confines the exited state within the silicon core.18,22

However, the transition from suspension to thin film
dramatically reduces the scattering, as illustrated in
Figure 5. It is presently believed that concentration

fluctuations in the ethanolic suspension contribute to
the increased scattering witnessed in cuvette A. In
contrast, the self-assembled Si/SiOx films on the walls
of cuvette B suppress scattering to an extent close to
that of the reference cuvette C, filled with ethanol. As
it will become apparent later on in the Discussion, the
origin of the reduced scattering can in part be explained
by the formation of a SiOx matrix around the Si/SiOx

nanoparticles (as part of the slow hydrolysis and
condensation of TEOS present in the metastable nano-
particle suspension).

The controlled oxidation of nanomilled Si powder in
EtOH (100%, where moisture has been carefully ex-
cluded), in the presence of benzoyl peroxide, has been
previously reported to yield such metastable Si/SiOx

suspensions.22 In this study, a variety of oxidative
agents were investigated as a function of pH and
surrounding atmosphere (see Table 1). Significantly, in
both oxygen and dry air atmosphere, the formation of
an orange metastable suspension of silicon nanopar-
ticles occurs both in the presence of benzoyl peroxide
and 3-chloroperbenzoic acid. The presence of oxygen
turned out to be vital for this sonication-assisted oxida-
tion process. Argon, nitrogen, and carbon dioxide atmo-
spheres failed to yield metastable Si/SiOx suspensions,
leaving behind largely agglomerated precipitates. Sub-
sequent GC/MS characterization of the soluble organic
reactants and byproducts, from benzoyl peroxide/oxygen
combination, indicates the presence of benzoic acid,
benzoylethylester, and TEOS, along with unreacted
benzoyl peroxide.22 Currently, the sonication-assisted
cleavage of benzoyl peroxide is believed to activate
oxygen,39 followed by a cascade of events that lead to
the slow surface oxidation of silicon nanoparticles.
During this process, benzoyl and siloxy radicals interact
with ethanol forming benzoylethylester, benzoic acid,
TEOS, and H2O. This process also functionalizes the
surface of the nanoparticles with Si-OEt groups. The
reason that these Si-OEt groups remain partially
unhydrolyzed is attributed to the rapid consumption of
generated H2O in oxidizing Si (see Figure 4A). As
evident from Figure 2, the pH for the formation of this
metastable Si/SiOx nanoparticle suspension must be
below 5.5. Since benzoic acid (pKa ) 4.19) is a relatively
strong acid, generating small amounts of this compound
can lower the pH to the desired value. Similarly, the
strong acidities of 3-chloroperbenzoic acid (pKa ) 3.98)
(oxidative agent) and the resulting byproduct, 3-chlo-
robenzoic acid (pKa ) 3.82), can lower both starting and
ending pHs to below 5. In the case of dicumyl peroxide,
the oxidative decomposition yields a tertiary alcohol
whose acidity is well above that required to reach the
desired pH. When HCl gas was bubbled into the
ethanolic suspension to lower its pH below 4, the
sonication-assisted oxidation process resulted in meta-
stable Si/SiOx nanoparticle suspension. In the case of
peracetic acid (pKa ) 8.2), 32% in solution in acetic acid
(pKa ) 4.75), our failure to obtain metastable Si/SiOx

suspensions is attributed to a significant amount of
water present in this oxidizing mixture.(36) Bhagwagar, D. E.; Wisniecki, P.; Papadimitrakopoulos, F.
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Figure 4. FTIR spectrum of neat Si/SiOx nanoparticles (A).
FTIR spectra of Si/SiOx nanoparticle assemblies in the pres-
ence and absence of tetraethoxysilane (TEOS) (B and C,
respectively) (see text for details).
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Figure 4A depicts the FTIR spectrum of silicon
nanoparticles, subjected to successive centrifugation/
decantation/resuspension cycles to remove all organic
reactants and byproducts generated during their soni-
cation-assisted oxidation process, raising the pH of this
suspension to 7.8. The combination of sonication-as-
sisted oxidation in ethanol followed by further H2O-
assisted Si oxidation40 decorates the surface of these
nanoparticles with Si-OEt, Si-OH, and Si-O-Si func-
tionalities.22 Starving the system of H2O explains why
Si-OEt does not hydrolyze to silanol (Si-OH) groups.
The silanol (Si-OH) groups are witnessed as two
doublets centered around 3712 and 3612 cm-1 (associ-
ated with non-hydrogen bonded Si-OH stretching)
along with a much broader peak, centered around 3300
cm-1, representing the hydrogen bonded Si-O-H
stretching.41-43 A strong absorption envelope of 1170-
1150 cm-1 is due to Si-O-Si and Si-O-C stretching
modes.40,44 The ethoxysilane (SiOEt) characteristic ab-
sorptions are seen at the 1170 and 1055 cm-1 shoulders
(1170 cm-1 for the CH3 rocking absorption and 1055
cm-1 for the Si-O-Si stretching of Si(OEt)n (n ) 1, 2,
3) groups).44 The strong absorptions, associated with
C-H stretching and C-H deformations, between 2975
and 2850 cm-1 are additional evidence for the presence
of ethoxysilane groups at the surface of the Si nano-
particles.43

Figure 2 illustrates the behavior of these Si/SiOx
nanoparticles in the absence of TEOS in the solution.
The pH of the Si/SiOx ethanolic solution affects their

behavior dramatically (as shown by the two transitions
observed in the titration of Si/SiOx nanoparticles by an
ethanol-based HCl solution included in the Supporting
Information). In regime I (pH ) 7.8), the nanoparticles
are negatively charged and stable over time. At this pH,
the negative charge on the nanoparticles is due to the
silanol ionization (Si-OH f Si-O- + H+) and lack of
protonation for both Si-OH and Si-OEt groups deco-
rating their surface. This negative charge keeps these
nanoparticles in suspension and prevents them from
adsorbing on glass surfaces due to electrostatic repul-
sion. The transition from regime I to II is observed at
pH 6.60. At pHs between 6.2 and 5.2, charge neutraliza-
tion for these Si/SiOx colloids causes the fast agglomera-
tion and subsequent precipitation. As the pH is lowered
below 5 (regime III), these nanoparticles get resus-
pended and they are prone to spontaneously assemble
on a variety of surfaces such as glass, gold, or silver.
Below pH 5, the partial protonation of the ethoxysilane
groups provides a positive surface charge, which con-
tributes to the temporary stability of the suspension of
these nanoparticles (see Figure 2, regime III).45 In
contrast, the weaker nucleophilicity of Si-OH and Si-
O-Si groups (present at the surface of glass or quartz
substrates) vs the Si-OEt groups (on the nanoparticles)
(see Figure 4A) makes these substrates less prone to
protonation at low pH. This provides sufficient attrac-
tive forces between substrate and protonated nanopar-
ticles to bring them together in spatial proximity where
silanol condensation can occur and immobilize the
nanoparticles.

The pH of the ethanolic suspension influences not
only the net charge on the surface of these nanoparticles

(40) Liao, W. S.; Lee, S. C. J. Appl. Phys. 1996, 80, 1171.
(41) Mawhinney, D. B.; Glass, J. A.; Yates, J. T. J. Phys. Chem. B

1997, 101, 1202.
(42) Hoffmann, P.; Knozinger, E. Surf. Sci. 1987, 188, 181-198.
(43) Tedder, L. L.; Lu, G.; Crowell, J. E. J. Appl. Phys. 1991, 69,

7037.
(44) Deshmukh, S. C.; Aydil, E. S. J. Vac. Sci. Technol. 1995, A 13,

2355.

(45) Pohl, E. R.; Osterholtz, F. D. Kinetics and Mechanism of
Aqueous Hydrolysis and Condensation of Alkyltrialkoxysilanes; Ishida,
H., Kumar, G., Eds.; Plenum Press: New York, 1983; Vol. 27.

Figure 5. Optical appearance of an ethanolic suspension of Si/SiOx nanoparticles before (A) and after (B) their self-assembly on
the cuvette walls; (C) is a control cuvette, filled with ethanol (see text for details).
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but also the processes of Si-OEt hydrolysis and Si-
OH condensation.45-47 At acidic pH, the hydrolysis of
TEOS and the ethoxysilane groups on the nanoparticle
surface tends to be faster than the condensation of the
silanol groups to form silica.46,47 Thus, the liberated
H2O, due to Si-OH condensation toward silica, is
quickly used in the hydrolysis of nearby Si-OEt groups.
This leads to a gradual formation of a silica network
where the slow condensation yields high optical quality
surrounding matrixes. The limiting reagent in this
deposition process appears to be H2O, since two con-
densing silanol groups produce one molecule of H2O that
can further hydrolyze one Si-OEt group to form one
Si-OH. Silanol condensation between the nanoparticles
and glass substrate provides the initial H2O generation.
As previously shown,22 these assemblies do not grow to
more than an average thickness of 40 nm (i.e., two
nanoparticles) due to the lack of H2O. The top layer of
these assemblies consists mostly of bare nanoparticles,
with a positive surface charge due to their protonated
Si-OEt groups, thus preventing subsequent nanopar-
ticle deposition. The exposing of these assemblies to
moisture causes the hydrolysis of the Si-OEt groups
and offers the ability to grow thicker films.

The adsorption characteristics of Si/SiOx nanopar-
ticles on SiOx-coated silicon substrates were investigated
in the presence and absence of TEOS (see C and B in
Figure 4, respectively). The disappearance of non-
hydrogen bonded and hydrogen bonded silanol absorp-
tion features are evident for both cases. However, the
lack of TEOS causes only partial hydrolysis of Si-OEt
groups, witnessed by the remaining C-H stretching
∼2900 cm-1 absorbance, C-H deformation, and the
shoulders at 1170 and 1055 cm-1. In contrast, the
presence of TEOS facilitates the nearly complete elimi-
nation of Si-OEt groups on the nanoparticles (see
Figure 4C). TEOS is presently believed to assist in the
formation of a SiOx network surrounding these nano-
particles. FTIR spectroscopy can only indirectly infer
the presence of the SiOx network on top of the SiOx
nanosilicon shell by the sharpening of the Si-O-Si
stretching mode witnessed between 1125 and 1139
cm-1. However, the lack of a surrounding SiOx network
greatly weakens interparticle/substrate adhesion, lead-
ing to increased scattering and poorer mechanical
properties.

The oxidation states of Si (Sin+ with n ) 1, 2, 3, and
4) and their relative percentages were investigated with
the help of XPS. At an incident angle of 62°, the X-ray
depth penetration is only about 4-8 nm. With a mean
particle diameter of 20 nm, the data presented below
are expected to be slightly weighed toward the surface
composition (i.e., SiOx). The inset in Figure 1 presents
the deconvolution curves for each oxide.24,48 A least-
squares fitting procedure was utilized to deconvolute the
Si 2p photoemission. The Si0 suboxides Si1+ (Si2O), Si2+

(SiO), Si3+ (Si2O3), and Si4+ (SiO2) were fitted using the
Gaussian-Lorentzian model. Table 2 presents the

energy position, fwhm, and relative percentage area for
each component of the fit. Although our fwhm values
are 15-40% greater than those reported for grown SiOx
on Si wafers,26 they present the similar progressive
increase in fwhm from Si1+ to Si3+ associated with
increasing number of Si-O bonds around a given Si
atom.28

Based on the area values for each component and by
taking into account the sensitivity factors, we calculated
the ratio Si0/(Si1+ + Si2+ + Si3+ + Si4+) to be about 4/5
(or 45/55%) (see Table 3). With an average particle
diameter of 20 nm, the Si0 core corresponds to ca. 14
nm and the SiOx passivating thickness of ca. 3 nm.
When the oxygen associated with these suboxides is
taken into account, the apparent value x for our Si/SiOx
nanoparticles is determined to be about 1.5.

High-energy nanomilling has been reported to lead
to a certain degree of Si amorphization and pressure-
or heat-induced crystallization.49 This is of profound
importance based on the increase in the extinction
coefficient for amorphous Si vs crystalline Si.14 Raman
scattering has been used in both qualitative30-32 and
quantitative33,34 studies to characterize thin films with
polycrystalline and amorphous Si.27,35 Raman shifts
between 505 and 513 cm-1 for crystalline Si have been
reported by Kamiya et al.30 Iqbal and Veprek have
shown that the peak frequency decreases from the
single-crystal value of 520 cm-1 to 512 cm-1 for a
crystallite size of 35 Å.32 The starting material, a 325
mesh size polycrystalline Si powder (with 99.5% nomi-
nal purity) shows a typical Raman spectrum of micro-
crystalline Si (c-Si) with a peak at 512 ( 2 cm-1 with a
fwhm of 12 ( 1 cm-1, as determined by a Gaussian-
Lorentzian fit (see Figure 3A). By subjecting this Si
powder to high-energy milling, we obtained nanocrys-
talline particles that exhibit both amorphous (a-Si
Raman line at 475 ( 2 cm-1 and a fwhm of 67 ( 1 cm-1)
and crystalline (c-Si peak at 518 ( 2 cm-1 with a fwhm
of 14 ( 1 cm-1) phases; see Figure 3B (as-milled
powder). The corresponding self-assembled Si/SiOx nano-
particles on gold substrates (Figure 3C) show similar
features (i.e., a-Si Raman line with a peak at 480 ( 2
cm-1 with a fwhm of 69 ( 1 cm-1 and a c-Si peak at
519 ( 2 cm-1 with a fwhm of 12 ( 1 cm-1). The
structure and property relation for ball-milled Si has
been well described by Shen et al.,49 wherein the
observed amorphization was explained based on two

(46) Keefer, K. D. Structure and Growth of Silica Condensation
Polymers; Zeigler, J. M., Gordon-Fearon, F. W., Eds.; American
Chemical Society: Washington, DC, 1990; Vol. 224.

(47) McNeiil, K. J.; DiCaprio, J. A.; Walsh, D. A.; Pratt, R. F. J.
Am. Chem. Soc. 1980, 102, 1859.

(48) Niwano, M.; Kageyama, J.-I.; Kinashi, K.; Miyamoto, N. J. Vac.
Sci. Technol., A 1994, 12, 465.

(49) Shen, T. D.; Koch, C. C.; McCormick, T. L.; Nemanich, R. J.;
Huang, J. Y.; Huang, J. B. J. Mater. Res. 1995, 10, 139.

Table 3. Area Values of Si0 and Various Suboxides and
Their Contributions to the Oxygen Content as

Determined by Fitting the Si 2p XPS Spectrum Shown in
Figure 2a

area (ab.
unit)

contribution to
oxygen content

corrected area
(ab. unit)

Si+ (Si2O) 95 1/2 48
Si2+ (SiO) 53 1 53
Si3+ (Si2O3) 211 3/2 316
Si4+ (SiO2) 282 2 564
Sin+ ) Si1+ + Si2+ +

Si3+ + Si4+
641 total contribution

to oxygen
981

Si0 502 0
a (1/2Si+ + Si2+ + 3/2Si3+ + 2Si4+)/(Si+ + Si2+ + Si3+ + Si4+) )

981/641 ≈ 1.5. Si0/(Si+ + Si2+ + Si3+ + Si4+) ) 502/641 ) 0.8
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possible mechanisms (i.e., pressure-induced amorphiza-
tion and crystallite-refinement-induced amorphization).
The corresponding shift of the crystalline Raman line
(starting from the as-received polycrystalline sample at
512 cm-1 to the as-milled Si at 518 cm-1) is presently
believed to be associated with increasing crystallite
size32 due to the heat generated during the high-energy
milling process. Olego et al. proposed a model of the
microcrystalline structure of annealed SiOx semi-
insulating polycrystalline silicon (SIPOS) films grown
by low-pressure chemical vapor deposition. The Raman
spectra of the self-assembled films of Si/SiO1.5 nanopar-
ticles lend further credibility to the amorphization
process. According to Olego et al.35 the atomic percent
contribution of Si atoms to the ordered Si and disordered
Si components can be quantified by assuming a direct
relation between the deconvoluted areas for the crystal-
line and amorphous components.

Based on this model and the value of x, determined
by XPS, we are able to estimate the relative percentages
of amorphous and crystalline silicon. From the XPS data
(see Figure 1), the atomic percent of Si atoms bonded
to oxygen was found to be 55%. For both as-milled Si
and self-assembled Si/SiOx nanoparticles, the Si0 con-
tent is 45%. The atomic percent contribution of Si to
the crystalline and amorphous components for the as-
milled Si is about 37 and 8%, respectively (Figure 3B).
As a result of the subsequent sonication process, re-
quired for obtaining these Si/SiOx suspensions, the
crystalline component of these nanoparticles was re-

duced to 34% with a corresponding amorphous content
of 11% (Figure 3C).

Conclusion
A systematic investigation into the chemistry and

structure of nanosized silicon as-obtained via a high-
energy ball milling process has been presented for the
sonication-assisted formation of Si/SiOx ethanolic sus-
pensions. These Si/SiOx suspensions that spontaneously
assemble on glass surfaces were investigated as a
function of pH in a variety of oxidizing agents and
atmospheres. For pH below 5 and in the absence of H2O,
the Si-OEt groups present on the surface of these
nanoparticles get protonated and are therefore attracted
to a less positively charged glass substrate. XPS struc-
ture characterization is consistent with a core/shell (Si/
SiOx) nanoparticle structure with an average Si-atom
ratio of 45/55 and x ≈ 1.5. Raman characterization
suggests that the Si core is composed of crystalline and
amorphous parts with a respective ratio of 34 and 11
out of 45% of total Si atoms.
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