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Spherical Si and SnOx nanoparticles in the size range between 3 and 30 nm have been synthesized
by microwave induced decomposition of silane and gas phase condensation, respectively. They are
deposited on thin metal films and investigated by electron microscopy, Auger electron, and electron
energy loss spectroscopy. An analysis of the surface composition and stoichiometry reveals that the
Si particles are covered with a native oxide of less than 1 nm. The energy loss spectra show features
corresponding to electronic excitations in the nanoparticles due to valence band plasmons, interband
transitions, and core-level ionizations. The plasmon energies are found to increase with decreasing
particle diameter d as d−1.17 for Si and d−0.83 for SnOx. These energy shifts are related to the change
of the dielectric band gap energy of the semiconductor due to quantum size effects. © 2006

American Vacuum Society. �DOI: 10.1116/1.2190658�
I. INTRODUCTION

Nanoparticle and cluster research has gained increasing
attention since properties which are considered material pa-
rameters in the bulk become variables when the size of the
particles is sufficiently reduced. This size effect is due to
quantum confinement of elementary excitation within the
nanometer-sized material. Examples which have been inten-
sively investigated are excitons or phonons in low-
dimensional semiconductor structures and nanoparticles.1–3

Volume plasmons are long-wavelength, collective excita-
tions of charge carriers.4 Within the nearly free electron
model, the excitation energies are expected to be propor-
tional to the square root of the charge carrier density. While
this relationship is usually well fulfilled for dielectrics, it is
violated in transition metals due to mixing of d- and
s-electron states. Quantum size effects of plasmon energies
have been widely studied for metal clusters and particles.3,5

Blue- as well as redshifts have been observed with decreas-
ing size. They are attributed to either band structure effects,
such as s-d mixing �e.g., in Ag� and band dispersion,5–7 or to
reduced lifetimes of the plasmons due to surface scattering.3

Only a few studies exist on confinement effects of valence
band plasmons in dielectrics8–15 although changes of the
plasmon energy are of practical relevance for adjustable op-
tical edge filters in the ultraviolet range. Due to the high
excitation energies, electron energy loss spectroscopy
�EELS� by inelastic electron scattering or photoemission has
been used to investigate energy shifts. An increase of the
plasmon energy with decreasing size or thickness has been
reported for Si clusters,8 Si ultrathin films,11 and porous Si9

a�
Electronic mail: nienhaus@uni-duisburg.de

1156 J. Vac. Sci. Technol. B 24„3…, May/Jun 2006 1071-1023/2006
as well as CdS quantum dots.13 The blueshift of plasmons in
Si clusters was explained with the close relation between the
plasmon and the electronic band gap energy. The latter is
known to increase with smaller particle diameters d and, ac-
cordingly, the Si valence band plasmon energy has been re-
ported to obey a 1/d2 dependence.8

The present study includes structural, chemical, and plas-
monic investigations of Si and SnOx nanoparticles, fabri-
cated in the gas phase. A clear quantum size effect of the
valence band plasmons is observed whereas interband tran-
sitions or core-level excitations remain unchanged. However,
the measured blueshifts do not support the inverse square
dependence.

II. EXPERIMENT

Agglomerates of monodisperse SnOx nanoparticles, be-
tween 5 and 20 nm in diameter, were produced by gas con-
densation after evaporating SnO in a nitrogen atmosphere.16

Thermal treatments downstream follow for crystallization
and sintering. The oxygen content x of the nanoparticles can
be increased by adding oxygen gas to the aerosol stream and
introducing an additional thermal oxidation step in a tube
furnace. A narrow size distribution of the nanoparticles was
confirmed by using a differential mobility analyzer �DMA�.16

Finally, the nanoparticles were deposited on a 25 nm Pd film
evaporated on a H-terminated Si�111� surface. The experi-
mental setup for the synthesis of monodisperse SnOx nano-
crystal films is discussed in detail in Ref. 16. A scanning
electron microscopy �SEM� image of deposited SnOx nano-
particles with a diameter of 20 nm is shown in Fig. 1. It
demonstrates the monodisperse character of the size distribu-

tion and the fractal shape of the agglomerates. The samples
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were carried through air from the deposition to the analysis
chamber where electron spectroscopy methods were
performed.

Single crystalline silicon nanoparticles were synthesized
by pyrolysis of silane in a low-pressure microwave reactor.17

The particles exhibit a log-normal size distribution.18 The
average particle diameters are experimentally determined by
the Brunauer-Emmett-Teller �BET� adsorption isotherm
method19 and range from dBET=3.5 to 27 nm. As demon-
strated in the transmission electron microscopy �TEM� image
in Fig. 2, the shape of the Si particles is almost spherical.
Although in this sample dBET=4.8 nm, predominantly larger
particles can be identified in the transmission electron micro-
scope image due to the low cross section of electron scatter-
ing for smaller particles. Throughout the article, the median
dM of the log-normal size distribution is used to quantify the
Si nanoparticle sizes. It is related to dBET by comparing the
area of a particle with BET diameter with the second mo-
ment of the log-normal distribution,18 i.e.,

FIG. 1. Electron microscope image of monodisperse SnOx nanoparticle ag-
glomerates with a particle diameter of 20 nm.

FIG. 2. Transmission electron microscope image of Si nanoparticles with an

average diameter of dM =4.1 nm.
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dM = exp�ln dBET − ln2 �� , �1�

where �=1.5 is a typical standard deviation of the measured
distribution of Si nanoparticle sizes.17 BET diameters of 3.5,
4.8, 11, 20, and 27 nm correspond to median values of 3.0,
4.1, 9.3, 17.0, and 22.9 nm.

After synthesis, macroscopic quantities of Si nanoparticle
powder are recovered from the reactor. Since the particles are
exposed to air, a natural oxide layer ��1 nm thick� is
formed. For spectroscopic measurements, powder of ag-
glomerated Si nanoparticles is sampled on a thin Au film by
mechanical impregnation.20

Auger electron spectroscopy �AES� is applied to deter-
mine the chemical composition of the nanoparticle surfaces.
The spectra are recorded with 3 keV electron beam excita-
tion in the first derivative mode using lock-in techniques. To
investigate valence band plasmons and other electronic exci-
tations of the nanoparticles, angle-integrated EELS was ap-
plied. The primary energy of the impinging electrons was
adjusted to 100 eV and the spectra were recorded as the sec-
ond derivative. As a consequence, the shape of the loss spec-
tra are sensitive to the preparation of the nanoparticle film.
The only significant experimental values are the peak posi-
tions of the loss features which appear at energies where the
bulk loss function Im�−1/����� is maximum. If ���� is as-
sumed to be a free electron dielelectric function the energy
loss features due to excitation of valence band plasmons are
found at the plasmon energy Ep=��p=��ne0

2 /m�0�0.5 �Ref.
4�, where n is the valence electron density, m and e0 are the
electron mass and the elementary charge, respectively, and �0

denotes the permittivity of free space.

III. RESULTS AND DISCUSSION

A. Chemical composition „AES…

Figure 3 presents Auger spectra from SnOx nanoparticles
on Pd thin films as well as from sintered crystalline SnO2

powder, taken as a reference. The most prominent features of
the spectra can be attributed to C�KLL� at 270 eV kinetic
energy, to Pd�MNN� at 333 eV, to the Sn�MNN� doublet at
421 and 429 eV, and to O�KLL� at 510 eV. The stoichiom-
etry was determined from the intensity ratio between the
O�KLL� and the low-energy Sn�MNN� line using the value
of the bulk material as reference for SnO2. The two top spec-
tra in Fig. 3 were recorded from SnO1.5 particles of quite
different size but do not exhibit significant differences. The
Pd peak for the 5 nm particle film is larger due to lower
particle coverage. The determined stoichiometry of 1.5±0.1
is typical for SnOx particles which are not further oxidized
before deposition. It may be increased by additional heating
of the samples in an oxygen atmosphere at 600 K for 1 h.21

The Auger spectrum of such oxidized nanoparticle films is
displayed in Fig. 3 and labeled with SnO1.8. It can be ob-
served that the shape of the Sn Auger lines changes with
oxidation as well. Inhomogeneous broadening due to varia-
tions in the chemical environments of the Sn atoms leads to

21
a much less pronounced doublet.
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The chemical composition of Si nanoparticles deposited
on Au films may be analyzed from the Auger electron spectra
in Fig. 4. Besides the carbon and oxygen features, the
Si�LVV� line at 91 eV kinetic energy dominates each spec-
trum. The varying shape of the low-energy side of the Si

FIG. 3. Auger electron spectra of SnOx nanoparticles of different sizes and
stoichiometry deposited on Pd.

FIG. 4. Auger electron spectra of Si nanoparticles of different sizes depos-

ited on Au.
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feature is due to the Au Auger line at 69 eV which becomes
more intense with decreasing nanoparticle coverage. The ref-
erence “bulk” spectrum was detected from a Si wafer which
was first cleaned by the use of hydrofluoric acid and then
oxidized by exposing it to air, similarly as the nanoparticle
samples.

The structure at 91 eV originates from silicon atoms with
no surrounding oxygen. It is still the dominating structure
even in the spectra of the smallest particles. Therefore, the
oxide layer around the nanoparticles has to be close to or
thinner than the escape depth of the 91 eV Auger electrons
which ranges between 0.5 and 1 nm. The oxygen intensity
increases with decreasing particle size which may be ex-
plained by a simple geometric argument. The area of the Si
core projected onto the substrate surface becomes smaller
with decreasing particle diameter. Hence, the ratio between
the O�KLL� and the Si�LVV� intensities will be larger than
the bulk value. Assuming spherical particles with a uniform
diameter d and an oxide layer thickness � the ratio �IO/ ISi�ox

added to the bulk value �IO/ ISi�b is expected to be propor-
tional to the ratio of the SiO2 shell and the Si core area
projected onto the substrate surface, i.e.,

IO

ISi
= � IO

ISi
	

b
+ C

�d/2�2 − �d/2 − ��2

�d/2 − ��2

= � IO

ISi
	

b
+ C� 1

�1 − 2�/d�2 − 1	 . �2�

In Eq. �2�, it is assumed that the intensity of the Si feature at
91 eV originates from Si atoms of the core only. The equa-
tion allows a rough estimation for � as long as the particle
diameter is larger than the electron escape depth which is the
case in the present study. To a first approximation, the con-
stant C may be taken as the sensitivity ratio of the two Auger
lines which may be extracted from literature data as C

0.2 �Ref. 22�. The bulk intensity ratio is measured as 0.1 in
Fig. 4. Figure 5 shows the experimental intensity ratios of
nanoparticles of various sizes as a function of the reciprocal
of the median diameter. The shaded area is calculated ac-
cording to Eq. �2� for an oxide thickness range between 0.5
and 1.2 nm and agrees with the experimental data within the
error margins. The finding indicates that the SiO2 layer
around the Si nanoparticles is a native oxide with a typical
thickness of less than 1 nm.

B. Electron energy loss spectra

Figure 6 presents EEL spectra recorded from SnOx nano-
particles of different sizes and stoichiometries. Four promi-
nent features are detected in each spectra. The low-energy
structures at 6.5 and 12.5 eV are attributed to interband tran-
sitions �IT� in tin oxide. The loss feature at 27.3 eV is due to
the Sn�4d� core-level ionization. The energies of these three
energy losses do not depend on stoichiometry or the particle
size. However, the feature between 17 and 20 eV shifts to
lower energies with increasing particle size and may be iden-
tified as the valence band plasmon �PL� of SnOx.

23–25 The

plasmon excitation energy does not change significantly after
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annealing the sample in oxygen. No loss structures caused by
electronic excitations in the Pd substrate layer are observed
around 7.7 eV, indicating that the nanoparticle layer almost
completely covers the metal substrate.

EEL spectra of Si nanoparticles with an oxide shell de-
posited on a thin Au film are displayed in Fig. 7. The spec-
trum at the bottom of the figure was recorded from a Si�111�
wafer with native oxide. It shows the well-characterized loss
features due to the SiO2 volume plasmon at 22.5 eV, the Si
volume plasmon at 16.0 eV, and the interface/surface plas-

FIG. 5. Experimental ratio �data points� of oxygen and silicon Auger inten-
sities as a function of the reciprocal of the median diameter. The shaded area
represents the expected theoretical values according to Eq. �2� for oxide
thicknesses between 0.5 and 1.2 nm.

FIG. 6. EEL spectra from SnOx nanoparticles. PL: plasmon loss, Sn�4d�:

core-level ionization, and IT: interband transition.
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mon at 10.7 eV.4 Such features are found in the spectra of
the nanoparticles as well. However, other loss structures in
the regime below 12 eV make an explicit identification dif-
ficult, since interband transitions and electronic excitations in
the Au layer also occur in this energy range. Similar to the
case of tin oxide, the valence electron plasmon exhibits a
blueshift with decreasing size. The plasmon energy of the
silicon oxide shell on the other hand is almost independent of
the nanoparticle size. This finding agrees with the results
from Auger spectroscopy that the oxide shell thickness is
same for all particles.

The prominent blueshift of the Si and SnOx valence plas-
mon energies is summarized in Fig. 8 where the excitation
energies are plotted as a function of the diameter. It can be
seen that the shift is an intrinsic property of the nanoparticle
size and does not depend on the stoichiometry of the com-

FIG. 7. EEL spectra from Si nanoparticles and the Si bulk sample.

FIG. 8. Observed valence band plasmon energies as a function of the diam-

eter of the particles.
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pound material. Size effects of valence plasmon energies
have been reported before, however, predominantly for metal
particles.3,5 When the particle size is reduced, the lifetime of
a plasmon decreases due to enhanced interface scattering.
This leads to the well-characterized 1/d dependence of the
plasmon loss linewidth and to a redshift of the plasmon en-
ergy with decreasing particle size in contrast to what is ob-
served here.

Large blueshifts of valence band plasmon energies have
been observed earlier with Si and CdS clusters of smaller
diameters between 1 and 4 nm.8,13 The dispersion, i.e., the
variation of the plasmon energy with wave vector k� cannot
explain the extent of the energy shift. Considering the in-
creased uncertainty of the wave vector with decreasing size
and taking experimental plasmon dispersion parameters of
Si, energy shifts are predicted in the 0.1 eV range for 3.5 nm
clusters compared to the bulk value.8 The effect was ex-
plained by an enlarged gap energy due to quantum confine-
ment of the electrons and a 1/d2 dependence of the plasmon
energy shift was derived which is not observed in the present
study.

To determine the exponent n of the 1/dn dependence of
the plasmon energy shift �Ep, Fig. 9 shows a double loga-
rithmic plot of �Ep as a function of d. The data points are
well described by power laws. The solid lines are linear fits
and correspond to n=0.83 and 1.17 for tin oxide and silicon
nanoparticles, respectively. The dashed line represents a fit
with n=1.32 if the Si data point for d=9.1 nm which exhibits
a very large experimental deviation is excluded. The two fits
define the error margins of the determined exponents.

The findings may be explained by applying Penn’s model
of a semiconductor with an isotropic average band gap Eg

which is related to the valence band plasmon energy in the
26

FIG. 9. Plasmon energy shift as a function of the diameter on a double
logarithmic plot. The blueshifts obey a power law of the particle diameter.
long-wavelength limit by
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�� = 1 + �Ep

Eg
	2

, �3�

where �� is the static/electronic dielectric constant of the
material. Pseudopotential calculations have shown that for Si
nanoparticles with diameters above 2 nm the dielectric con-
stant equals the bulk value.27 Therefore, Eq. �3� suggests that
the plasmon energy changes proportional to the band gap
energy. For Si nanocrystals, the size dependence of the band
gap energy has been experimentally studied with photolumi-
nescence spectroscopy and the exponent was determined as
n=1.39 �Ref. 28�. This result agrees well with the value for
Si nanoparticles from the present study. For tin oxide, size-
dependent photoluminescence data are available for diam-
eters between 1.5 and 4.3 nm which is smaller than the ex-
citon Bohr radius.29 No data exist for the size range of the
present study and the exponent n cannot be determined.

IV. SUMMARY

Si and SnOx nanoparticles of sizes between 3 and 27 nm
are fabricated in the gas phase and deposited on Pd and Au
thin films. Transmission electron microscopy confirms the
spherical shape of the particles and demonstrates the narrow
and broad size distribution for tin oxide and silicon nanopar-
ticles, respectively. Auger electron spectroscopy shows that
the Si particles are covered with a native oxide layer with
thickness less than 1 nm. Valence band plasmons are de-
tected with electron energy loss spectroscopy. Their energies
shift to higher values with decreasing particle size. This find-
ing is attributed to a quantum confinement model which
leads to an increase of the band gap and, therefore, the plas-
mon energies. The applied model by Penn requires that the
optical dielectric constant does not depend on the size which
has to be investigated in further experiments.
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