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Abstract. The temperature dependence of photoluminescence (PL) from mono-dispersed Si nanoparticles
was studied from 4 to 300 K. Si nanoparticles produced by pulsed laser ablation in He background gas
were sorted into the 6 nm size range by a differential mobility analyzer (DMA). The spread of the size
distribution was narrowed to a geometrical standard deviation σg = 1.05. On decreasing the temperature
from 300 to 4 K, the intensity of the PL spectra increased gradually, peaked at about 60 K, and then
decreased rapidly. The temperature dependences of the intensity and the full width at half maximum
(FWHM) on the PL spectra are discussed in terms of radiative and nonradiative decay rates.

PACS. 61.46.+w Nanoscale materials: clusters, nanoparticules, nanotubes, and nanocrystals –
78.55.Ap Elemental semiconductors – 81.07.Bc Nanocrystalline materials

1 Introduction

Since strong visible light emission was first observed from
porous Si [1], a great number of studies on the light
emission from Si based nanostructures have been re-
ported [2–10]. A quantum size effect of electron-hole pairs
was proposed as one of the origins of the light emis-
sion at room temperature [1]. The temperature depen-
dence of photoluminescence (PL) has been studied on
porous Si [11] and Si nanoparticles [5,10], but the be-
havior was complicated. To explain the anomalous tem-
perature dependence, Kanemitsu et al. proposed a three-
region model [5] and Brongersma et al. applied a model
premised on the energy splitting of singlet and triplet ex-
citonic states by exchange interaction [9,10]. In the case
of porous Si, the possibility of luminescent species existing
at the surface [2,3], such as siloxene [2], which is produced
in the anodization of Si wafers in HF based solution, have
complicated the proof of the quantum size effect. In ad-
dition, broad size distributions of Si nanostructures have
kept the origins of the light emission obscure.

The latest development of measurement systems en-
ables one to observe PL spectra from single Si quantum
dots [12,13]. Valenta et al. reported that the minimum
FWHM of Gaussian profiled PL spectra from single Si
nanopillars covered with SiO2 was 0.12 eV at room tem-
perature, though the size was not determined by direct

a e-mail: t.orii@aist.go.jp

measurement [12]. Korgel’s group produced Si nanopar-
ticles covered with organic molecules and observed size
dependent PL spectra whose peaks ranged from red to
blue [13,14]. The size dependence of the PL energy seems
to be similar to that of the porous Si rather than that of Si
nanoparticles covered with SiO2 [6,9]. They reported that
PL spectra was influenced by surface chemistry, especially
oxidization, even if the surface was stabilized by organic
molecules.

In this paper, we report the temperature dependence of
PL spectra from Si nanoparticles produced by pulsed laser
ablation (PLA) in an inert gas atmosphere. PLA has been
employed as a synthetic method for Si nanoparticles [7]
because PLA is one of the low contamination methods
that produce nanoparticles of high melting point mate-
rials. Recently, the differential mobility analyzer (DMA),
which had been used to select the size of aerosol particles
at the atmospheric pressure, was improved to work for
nanoparticles under low-pressure conditions [15]. By us-
ing a system where the PLA and DMA are combined [16],
one can obtain mono-dispersed high purity Si nanoparti-
cles that are suitable for investigation of the quantum size
effect on photoluminescence. In our work, the Si nanopar-
ticles are produced by the PLA and those with a diameter
of 6 nm selected by DMA with a standard geometrical de-
viation of about 1.05. The temperature dependences of the
intensity and the full width at half maximum (FWHM) of
PL spectra from the mono-dispersed Si nanoparticles are
discussed in terms of the quantum size effect.
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Fig. 1. Schematic view of the experimental setup: (a) ablation
chamber, (b) electric furnace, (c) ionizer, (d) DMA, (e) depo-
sition chamber, (f) SHG of Nd:YAG laser, (g) quartz tube,
(h) mass flow controller, and (i) mass flow meter.

2 Experimental

A schematic diagram of the experimental setup is shown
in Figure 1. The apparatus is composed of (a) an ablation
chamber, (b) an electric furnace, (c) an ionizer, (d) the
differential mobility analyzer (DMA) and (e) a deposi-
tion chamber [17]. The (f) second-harmonic Nd:YAG laser
beam (532 nm line, pulse energy: 210 mJ, repetition rate:
10 Hz) was focused on the surface of a Si single crystal
((100) oriented p-type silicon wafer) in a He gas atmo-
sphere (gas pressure: 7 torr). The Si nanoparticles formed
in the ablation chamber were transferred with the He gas
flow (flow rate: 400 sccm) and passed through (g) a quartz
glass tube heated to 900 ◦C by the electric furnace for a
post annealing process (PAP). The PAP acted to crystal-
lize coalescent species of primary particles, such as clusters
present in the He gas flow, and prevented them from in-
terfering with the size-selection process of the DMA [17].
The DMA analyzes mobility depending upon the size of
a charged particle in a laminar gas flow where an elec-
trostatic potential is applied. Therefore, by changing the
electrostatic potential applied to the DMA we can select
a certain size of nanoparticle. A geometric particle size
was evaluated by transmission electron microscopy (TEM)
observation. The size-selected Si nanoparticles were de-
posited either on electron microscopic grids for TEM ob-
servation or on Ge wafer substrates for PL measurements.

PL spectra of Si nanoparticle deposition films were
measured in a He gas ambient at temperatures ranging
from 4 to 300 K by using a continuous flow He cryostat.
The Si nanoparticle deposition film was irradiated by the
514.5 nm line of an argon-ion laser and the excitation
power was kept at 250 mW/cm2. PL spectra were mea-
sured using a single polychromator system equipped with
a charge coupled device (CCD) detector cooled with liq-
uid nitrogen. Scattered laser light from samples was elim-
inated by a holographic notch filter installed in front of
the incident slit of the polychromator.

3 Results and discussion

Figure 2 show TEM image (Fig. 2a) and size distribution
(Fig. 2b) of the Si nanoparticle sorted into the 6 nm size
range by the DMA. Although many coalescent species had
been observed without using PAP, by applying the post
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Fig. 2. (a) TEM image of mono-dispersed Si nanoparticles
whose size was selected at 6 nm by DMA. (b) Size distribution
of Si nanoparticles. The solid curve represents the best fit to
the data using a lognormal function whose peak size is 6.9 nm
and a geometrical standard deviation σg is equal to 1.05. This
σg corresponds to a FWHM of 0.8 nm.

annealing at 900 ◦C, only spherical Si nanoparticles were
observed, as shown in Figure 2a. As shown Figure 2b,
the size distribution was very narrow and could be fitted
successfully with a lognormal function. The average size
was 6.9 nm and the geometrical standard deviation σg

was 1.05. This value of σg corresponds to FWHM of about
0.8 nm. The average size (6.9 nm) estimated by the TEM
observation was significantly larger than the nominal size
(6.0 nm) which was the set point of size-selection by the
DMA. According to a high-resolution TEM observation,
the Si nanoparticles exhibited a core-shell structure. The
core was a single crystalline structure whose lattice con-
stant coincided with the bulk Si crystal. The shell was an
amorphous structure and considered to be silicon oxide,
since the sample was exposed to the atmosphere during
transportation. The increase in the average size observed
by the TEM is most likely caused by the formation of SiO2

shell after the size-selection. The width of the shell was
estimated to be 1.0 nm. The size distribution, shown in
Figure 2b, corresponds to the outer diameter of the core-
shell structure; therefore, the Si crystalline domain size in
nanoparticle was estimated to approximately 4.9 nm.
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Fig. 3. (a) PL spectra of mono-
dispersed Si nanoparticles mea-
sured at temperatures of 4, 20,
40, 200, and 300 K. The solid
lines represent the best fit to the
data using a Gaussian function.
(b) Temperature dependence of
PL intensity. The solid lines rep-
resent the best fit to the data
using a theoretical quantum ef-
ficiency. (c) Temperature depen-
dence of the FWHM.

Figure 3a shows the PL spectra of the mono-dispersed
Si nanoparticle measured at 4, 20, 40, 200 and 300 K.
A sharp PL spectrum was observed in the near-infrared
region at room temperature. At 300 K, the peak energy
was 1.35 eV, higher than the band-gap energy of bulk Si
by 0.23 eV. This PL energy was not noticeably different
from that of Si nanoparticles reported previously [8,9]. As
shown in Figure 3a, this PL spectrum was fitted success-
fully with a Gaussian function. In general, a broad size dis-
tribution brings extrinsic width to PL spectra of nanopar-
ticles. In this work, the size-selection by DMA narrowed
the FWHM of the PL spectrum from a Si nanoparticle
deposition film to 0.22 eV at room temperature.

On decreasing the temperature from 300 to 4 K, the
intensity of the PL spectra increased gradually, peaked at
about 60 K and then decreased rapidly. The integrated
intensity of the PL spectra was plotted as a function of
the temperature ranging between 300 and 4 K in Fig-
ure 3b. The PL intensity at 60 K was increased relative
to the value at 300 K by a factor of 5 and that at 4 K de-
creased roughly to the value at 300 K. This complicated
temperature dependence of PL intensity can be explained
by considering a temperature dependent radiative decay
rate Rr and a nonradiative decay rate Rn. The PL inten-
sity IPL(T ) is in proportional to the quantum efficiency,
therefore,

IPL(T ) ∝ Rr/(Rr + Rn). (1)

Now, we do not have any information about Rr for our
sample. However, the splitting model of luminescent states
proposed by Calcott et al. for porous Si [4] give us a useful
expression for the temperature dependent radiative decay
rate. According to this model, the luminescent excitonic
states are split to a singlet state and a triplet state with
a splitting energy ∆E due to the exchange interaction.
At very low temperatures, almost all of the excitons are
trapped in the lower triplet state. With temperature some
of them are excited to the upper singlet state which is a

dominant luminescent center and Rr is given by

Rr =
3Rt + Rs exp(−∆E/kBT )

3 + exp(−∆E/kBT )
, (2)

where Rs and Rt are radiative decay rates of the singlet
state and of the triplet state, respectively. Next, we as-
sumed that Rn was composed of a thermally activated
process and a nonthermal process, so that

Rn = ηf0 exp(−Ea/kBT ) + R′
n, (3)

where η, f0, Ea and R′
n are the transition efficiency, the

attempt frequency, activation energy and nonthermal fac-
tor, respectively. We tried fitting the temperature depen-
dence of the PL intensity by substituting equations (2, 3)
for equation (1). In the fitting, the values of Rs, Rt and
f0 were fixed to 8500, 150 s−1 [9] and 1012 s−1 [8]. The
best of least squares fit results shown in Figure 3b with
a solid curve, which reproduces successfully the temper-
ature dependence of PL intensity. The best set of fitting
parameters is found to be ∆E = 3.4 meV, η = 5.0×10−8,
Ea = 52 meV and R′

n = 373 s−1. The splitting energy ∆E
agrees very well with the values estimated by means of a
time-resolved PL measurement [9,10]. On the other hand,
the value of η seems to be extremely small.

First, we discuss the temperature dependence of the
PL intensity at temperatures lower than 60 K. In this low
temperature region, the decrease of PL intensity with de-
creasing temperature was not reproduced by the fitting
when the nonthermal factor R′

n was removed from equa-
tion (3), because the thermally activated process became
negligible. The rate of the nonthermal process R′

n is ap-
proximately twice as large as Rt and is the dominant decay
rate at temperatures lower than about 40 K. Therefore,
the nonthermal process increases its importance and in-
fluences the quantum efficiency. Suemoto et al. assigned
the nonthermal process to a tunneling escape of carriers
through barrier potential of shell [18].

In the region of temperature higher than 60 K, the
thermally activated process becomes predominant and
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is the main in reducing the quantum efficiency with an
increase in temperature. In Figure 3c, we plotted the
FWHM of PL spectra as a function of temperature. The
FWHM decreased with decreasing temperature from 300
to 40 K and the temperature dependence exhibited a sharp
bend at 180 K, in spite of the fact that the PL intensity
did not show so obvious a change at that temperature.
The line width of the PL peak generally correlates with
the lifetime and the distribution of carriers. An increase in
the radiative lifetime Rr with a decrease of temperature
have been reported for Si nanoparticles surrounded with
SiO2 [9,10] and corresponds to a narrowing of the line
width. However, the bending cannot be explained only
with the temperature dependence of Rr. English et al.
reported that the decay mechanism of excitons in the Si
nanoparticle covered with organic molecules was affected
with oxygen-related surface states which can trap exci-
tons [13]. For Si nanoparticles covered with amorphous
SiO2, another thermally activated process, e.g. nonradia-
tive recombination at Si/SiO2 interface states, should be
considered to explain our temperature dependence of line
width. Below 40 K, the FWHM did not decrease but ac-
tually increased slightly at temperature below 20 K, al-
though the radiative lifetime increases drastically in this
temperature range. This temperature dependence at tem-
peratures below 20 K is probably caused by a competition
between the increase of the radiative lifetime and the ther-
mal redistribution of carriers from the triplet state to the
singlet state.

4 Summary

The temperature dependence of PL spectra from mono-
dispersed Si nanoparticles whose average size was 6 nm
was studied. On decreasing the temperature from 300
to 4 K, the intensity of the PL spectra increased gradually,
peaked at about 60 K and then decreased rapidly. The
temperature dependence of PL intensity was explained
well by considering that the quantum efficiency is com-
posed of a radiative decay rate premised on the split-
ting model of luminescent states and a nonradiative decay
rate premised on thermally activated and nonthermal pro-
cesses. The nonthermal process causes the decrease of PL
intensity at temperatures lower than 60 K.

This work was partially sponsored by the Advanced Pho-
ton Manufacturing and Measurement Technology Project with
support from METI and the New Energy and Industrial Tech-
nology Development Organization (NEDO).
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