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Abstract. We have performed the optical and photoelectron spectroscopic studies of alkyl-passivated Si
nanoparticles synthesized by a solution route. The alkyl-passivated Si nanoparticle with mean diameter
less than about 2 nm exhibits a strong ultraviolet-blue photoluminescence. Furthermore, we have directly
investigated their electronic structures in the vicinity of Fermi level by means of valence-band photoemission
measurements using synchrotron radiation. From these results, the detailed optical properties and electronic
structures of alkyl-passivated Si nanoparticles are discussed.

PACS. 78.67.-n Optical properties of low-dimensional, mesoscopic, and nanoscale materials and structures
– 78.67.Bf Nanocrystals and nanoparticles – 73.22.-f Electronic structure of nanoscale materials: clusters,
nanoparticles, nanotubes, and nanocrystals

1 Introduction

Physical and optical properties of semiconductor nanopar-
ticles have received extensive interest in recent years [1].
Especially, the various Si nanoparticles are attracting
much interest from the viewpoint of both fundamental
and device physics, since it has been reported that they
show a strong photoluminescence (PL) [2] and therefore
it is suggested that these Si nanoparticles could be im-
portant constituents of future photonics devices. While a
large number of works focused on the optical properties of
Si nanoparticles prepared by the various methods, such as
chemical etching, ion sputtering, chemical vapor deposi-
tion, ion implantation, and laser ablation, etc. [3–7], have
been reported to date, these optical properties depend on
the samples in the literatures and are ascribed to vari-
ous processes such as quantum confinement, oxide-related
species, surface state, molecular species, or impurities,
etc. Therefore, the interplay between the intrinsic quan-
tum confinement effects and extrinsic surface/interface re-
lated effects is still controversial. Since most of the previ-
ous works have concentrated on only their optical spectra
and have indirectly discussed their electronic structures
from the results of optical measurements, the discussions
regarding their optical properties are considered to be
still unclear. In order to understand the intrinsic proper-
ties of Si nanoparticles, it is indispensable to prepare the
samples with well-defined surface and to directly charac-
terize their intrinsic electronic structures. In this work,
we have synthesized the alkyl-passivated Si nanoparticles
with well-crystalline nature and well-passivated surface by
the chemical solution routes, and have directly character-
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ized their electronic structures in the vicinity of Fermi
level by means of photoelectron spectroscopy using syn-
chrotron radiation as well as their optical properties. From
these results, we will discuss the correlation between their
optical properties and electronic structures of well-defined
surface-passivated Si nanoparticles.

2 Experiment

The n-butyl-passivated Si nanoparticles used in this work
were synthesized by the oxidation of magnesium sili-
cide (Mg2Si) with bromine and the subsequent passi-
vation of the SimBr product (Br-capped Si nanoparti-
cle) with use of an butyllithium reagent. Subsequently,
we carried out the size-selective ultrafiltration treatments
for thus synthesized Si nanoparticles in order to im-
prove the size distribution. The detailed procedures is
described elsewhere [8]. The size distributions in diam-
eter of the synthesized Si nanoparticles were character-
ized by ex-situ observations with transmission electron
microscope (TEM). Fourier transform infrared (FTIR),
PL and PL excitation (PLE) spectra were measured at
room temperature in order to characterize their chemical
states and optical properties. In order to directly inves-
tigate their electronic structures, the photoemission mea-
surements using synchrotron radiation were carried out
at BL-5U of UVSOR-II Facility, Institute for Molecular
Science, Okazaki, Japan. For the synchrotron-radiation
photoemission measurements, the synthesized n-butyl-
passivated Si nanoparticles were supported on the highly
oriented pyrolytic graphite (HOPG) substrates by evap-
orating the solvent (hexane) from the dispersion of n-
butyl-passivated Si nanoparticles on the single-crystalline
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Fig. 1. FTIR spectrum of n-butyl-passivated Si nanoparticle
after size-selective ultrafiltration treatment (with mean diam-
eter less than about 2 nm). The inset shows the TEM micro-
graph.

HOPG cleaved surface in a nitrogen-filled glove bag di-
rectly connected to the ultrahigh-vacuum photoelectron
spectrometer. Then the samples were transferred into the
photoemission analysis chamber without exposure to air.
Photoemission measurements were performed at room
temperature with incident photon energy of 184 eV. In
order to prevent synchrotron-radiation irradiation dam-
age, the synchrotron-radiation intensity was reduced such
that the photoemission spectra showed no change in the
course of the measurements.

3 Results and discussion

Figure 1 shows the FTIR spectrum and TEM micrograph
of n-butyl-passivated Si nanoparticles after size-selective
ultrafiltration treatment, respectively. From the TEM mi-
crograph, it is found that the mean diameter of the sam-
ple after ultrafiltration treatment has been estimated to
be less than about 2 nm. Moreover, this TEM micro-
graph shows that each n-butyl-passivated Si nanopar-
ticle is well separated from its neighboring nanoparti-
cles, indicating that the present Si nanoparticles are well
surface-passivated by butyl molecules. On the other hand,
high-resolution TEM micrograph (not give here) of the
present Si nanoparticles show the identical lattice fringes
to bulk Si crystallite, indicative of well crystalline nature.
As shown in Figure 1, FTIR spectrum of the present
Si nanoparticles exhibits the spectral features around
2870–2960 cm−1 and 1360–1460 cm−1 wavenumbers. The
spectral features around 2870–2960 cm−1 wavenumbers
originate from methylene and terminated methyl stretch-
ing modes, and those around 1360–1460 cm−1 wavenum-
bers originate from methylene and terminated methyl de-
formation and/or scissor modes. These vibration modes
are attributed to the surface passivants of butyl chains.
An important point to note is that no spectral features
around 1000–1100 cm−1 wavenumber, attributed to Si-O

Fig. 2. Maximum PL and PLE spectra of n-butyl-passivated
Si nanoparticle with mean diameter less than about 2 nm. PL
spectrum is measured with excitation energy of 4 eV, and PLE
spectrum is measured at emission energy of 3.3 eV.

stretching modes, has been observed. This indicates no
oxygen contamination on the surface of Si nanoparticle
and no Si-O containing impurity in the Si nanoparticle.
From these results of FTIR measurement, it is confirmed
that the present Si nanoparticles are perfectly surface-
passivated by n-butyl molecules and have no surface con-
tamination and impurity.

Figure 2 shows the maximum PL and the corre-
sponding PLE spectra measured at room temperature
of n-butyl-passivated Si nanoparticle with mean diame-
ter less than about 2 nm after ultrafiltration treatment.
Maximum PL spectrum of the present Si nanoparticles
exhibit the distinct emission around 3.3 eV in photon en-
ergy and no emission in the photon energy region below
2 eV. Moreover, the monotonic shift of this emission as a
function of excitation photon energy is observed. The cor-
responding PLE spectrum exhibits the distinct resonance
around 4 eV in photon energy, and the monotonic shift of
this resonance as a function of emission photon energy is
also observed. These resonance energies in the PLE spec-
tra are significantly larger than bulk Si band gap energy.
Since PL derived from the surface-passivant molecules
and/or trap states will show no excitation photon energy
dependence, it is considered that the present ultraviolet-
blue PL from the n-butyl-passivated Si nanoparticle is
not related to the surface-passivant molecules and/or trap
states such as oxide and/or defect/impurity sites. Another
possibility of the origin of the present ultraviolet-blue PL
is the quantum confinement effect in the Si nanoparti-
cle with decreasing the nanoparticle size. If the quantum
confinement effect is revealed in the present Si nanopar-
ticle, the energy gap of each Si nanoparticle will de-
pend on the nanoparticle size. Since even sample after
size-selective ultrafiltration treatment have a finite size
distribution as shown in Figure 1, it is considered that
the monotonic shift of PL as a function of excitation
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Fig. 3. Valence-band photoemission spectrum of n-butyl-
passivated Si nanoparticles with mean diameter less than about
2 nm supported on the HOPG substrate at room temperature
measured with photon energy of 184 eV using synchrotron ra-
diation. The inset shows the photoemission spectrum in the
vicinity of Fermi level.

photon energy originates from the selective excitation of
Si nanoparticles with different sizes that have different op-
tical transition energies. That is, the present ultraviolet-
blue PL observed for n-butyl-passivated Si nanoparticles
is considered to originate from electron-hole pair recom-
bination between the modified conduction-band (LUMO)
and valence-band (HOMO) due to the quantum size effect.

In order to directly investigate their electronic struc-
tures, we have carried out the photoemission study using
synchrotron radiation. Figure 3 shows the valence-band
photoemission spectrum of the present Si nanoparticle on
the HOPG substrate with photon energy of 184 eV. Previ-
ously, the photoemission spectrum of methyl-terminated
Si(111) surface and the cluster calculations by DV-Xα
method have been reported by Miyadera et al. [9] From
the analogy with the result of methyl-terminated Si(111)
surface, the spectral features around 7 and 5.5 eV in
binding energies originate from the C 2p derived states.
The spectral feature around 7 eV binding energy origi-
nate from the C-H bonds in the butyl surface-passivants,
and that around 5.5 eV binding energy originate from
the σSi−C bonds between Si nanoparticle and butyl
surface-passivants. The spectral features around 3.5, 9,
and 11.5 eV in binding energies originate from the Si 3s-
and 3p-derived electronic states. The additional feature
around 13.5 eV in binding energy corresponds to that de-
rived from HOPG substrate, since there is an uncovered
region of Si nanoparticles on the HOPG substrate in the
present measurement. In the inset of Figure 3, we plot the
photoemission spectrum in the vicinity of Fermi level on
an expanded energy scale. The spectral intensity from the
HOPG substrate, which reflects the vanishing semimetal-
lic density of states toward the Fermi level, contributes to

the photoemission spectrum in the vicinity of Fermi level,
but no contribution of C 2s- and 2p-derived states from
butyl molecular orbitals appears in this energy region.
Therefore, it is considered that the additional steep slope
on the linear background signal (spectral feature from the
HOPG substrate) originates from the valence-band struc-
ture of the present n-butyl-passivated Si nanoparticles.
As shown in the inset of Figure 3, we have estimated the
valence-band maximum (HOMO) energy from an intersec-
tion point of two lines extrapolated by the least squares
method of spectral tail derived from the valence-band
structure of Si nanoparticles and the background signal
from the HOPG substrate. From this analysis, we obtain
the valence-band maximum of about 2 eV below the Fermi
level. If the Fermi level is considered to be located in the
middle of energy gap (HOMO-LUMO gap), the energy
gap of the present Si nanoparticles can be estimated to
about 4 eV. This value is consistent with the resonance
energies in the PLE spectra fairly well. Therefore, it is con-
firmed that the PL from the present n-butyl-passivated Si
nanoparticles originate from the electron-hole pair recom-
bination between the modified conduction-band (LUMO)
and valence-band (HOMO) due to the quantum size effect.

Puzder et al. [10] have reported the surface chemical-
state dependence of the electronic structures of hydrogen-
passivated Si nanoparticles by means of quantum Monte
Carlo calculations. They have shown that the signifi-
cant changes in the HOMO-LUMO gap when the sur-
face contains passivants other than hydrogen, in partic-
ular atomic oxygen. For example, HOMO-LUMO gap of
fully hydrogen-passivated Si nanoparticle with relevant
size regime to the present Si nanoparticle is about 4 eV,
but that of Si nanoparticle with multiple oxygen contam-
ination is reduced to about 2 eV. In fact, alkyl/alkoxy-
passivated Si nanoparticles show that the oxygen con-
tamination induces the red shift of PL [11]. Moreover,
Reboredo et al. [12] have recently reported the results
of ab initio calculations using density functional the-
ory for the various surface-passivated Si nanoparticles.
They have calculated the surface-passivant dependence
of HOMO-LUMO gaps of surface-passivated Si nanopar-
ticles, and have concluded that HOMO-LUMO gap is
weakly affected as a function of surface passivation, in par-
ticular when the Si-H bond (that is, perfectly hydrogen-
passivated Si nanoparticle) is replaced by a Si-C bond
(that is, perfectly alkyl-passivated Si nanoparticle). From
the comparison with these previous theoretical results [10,
12], it is found that the calculated energy gap for perfectly
surface-passivated Si nanoparticles with mean diameter
less than about 2 nm without oxygen contamination agree
well with the resonance energy in the present PLE spectra
and the result of photoemission spectrum in the vicinity of
Fermi level of the present n-butyl-passivated Si nanopar-
ticles. Therefore, it is concluded that the present strong
ultraviolet-blue PL originates from the intrinsic quantum
confinement effect and the modified electronic structure
due to the intrinsic quantum confinement effect is directly
confirmed by the present photoemission spectrum in the
vicinity of Fermi level.
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4 Summary

We have carried out the various spectroscopic studies of
n-butyl-passivated Si nanoparticles with crystalline nature
and well n-butyl-passivated surface synthesized by the so-
lution routes. It is found that maximum PL spectrum
of n-butyl-passivated Si nanoparticle with mean diameter
less than about 2 nm exhibits a strong emission around
3.3 eV in photon energy, and maximum PLE spectrum ex-
hibits a distinct resonance around 4 eV in photon energy.
Moreover, the monotonic shifts of PL as a function of ex-
citation energy and PLE as a function of emission energy
were observed. From the photoemission spectrum using
synchrotron radiation, the detailed valence-band structure
of the present n-butyl-passivated Si nanoparticle is clari-
fied, and the valence-band maximum (HOMO) energy was
estimated to about 2 eV below the Fermi level. From the
comparison of optical spectra (PL and PLE spectra) and
photoemission spectrum in the vicinity of Fermi level, it
is concluded that the present ultraviolet-blue PL origi-
nates from the electron-hole pair recombination between
the modified conduction-band (LUMO) and valence-band
(HOMO) due to the intrinsic quantum size effect.
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