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We have studied luminescence properties of nanometer-sized Si crystallites fabricated by laser breakdown of
SiH4 gas. An exponential absorption tail is observed and red photoluminescence~PL! appears in the exponen-
tial tail. The PL decay behavior is characterized by a stretched exponential function. At higher temperatures,
the effective PL decay ratet21 depends exponentially on the monitored phonon energy\v: t21}exp~\v/Et!,
whereEt is a constant depending on temperature. On the other hand, at low temperatures, the PL lifetime is
almost independent of the PL wavelength and phonon-related structures in the PL spectrum are not clearly
observed under resonance excitation. The order and disorder natures of Si nanocrystallites are discussed.
@S0163-1829~96!03619-3#

I. INTRODUCTION

The discovery of efficient visible luminescence in Si,1

Ge,2 and SiC~Ref. 3! nanocrystallites has stimulated consid-
erable efforts in understanding optical properties of group-IV
semiconductor nanocrystallites and producing different
nanocrystallite devices. In particular, porous silicon4,5 and Si
nanocrystallites are receiving widespread interest motivated
by potential applications as light-emitting devices compat-
ible with silicon-based optoelectronic integrated circuits.
There are many extensive studies concerning the origin of
visible light emission, the improvement of luminescence ef-
ficiency, and the tuning of luminescence wavelength. How-
ever, the mechanism of visible luminescence is not clear and
is currently under discussion6–10 because porous silicon and
Si nanocrystallites show various optical characteristics.

A drastic size reduction to a few nanometers is required
for the observation of efficient visible light emission. With
large surface-to-volume ratios in Si nanocrystallites, surface
effects become more enhanced on decreasing the size of
nanometer-sized crystallites. The photoluminescence~PL!
peak wavelength and intensity are sensitive to the surface
chemistry of porous silicon, particularly with regard to the
amounts of oxygen and hydrogen on the surface. It is con-
sidered that surface effects as well as quantum confinement
effects in porous silicon and Si nanocrystallites influence and
complicate the mechanism of the visible luminescence.7 For
example, porous silicon and Si nanocrystallites show very
broad PL and nonexponential PL decay in the time region
from picoseconds to milliseconds.5 Moreover, the
electroluminescence11 and PL~Ref. 12! wavelengths are sen-
sitive to the excitation conditions such as applied voltage,
laser pulse width, and laser intensity.

In this work we report luminescence properties of Si
nanocrystallites capped by a SiO2 thin layer. In order to un-
derstand unique and complicated luminescence properties of
Si nanocrystallites, we need to study the optical properties of
isolated Si nanocrystallites with an identical surface struc-
ture. The temperature dependence of the luminescence spec-
trum and dynamics is explained in terms of carrier localiza-

tion in a disordered potential of surface states. The order and
disorder natures of oxidized Si nanocrystallites are dis-
cussed.

II. EXPERIMENT

The nanometer-sized Si crystallites were produced by la-
ser breakdown of SiH4 gas. Details of the preparation and
characterization of these nanocrystallite samples are given in
Ref. 13. Here we briefly describe the sample preparation pro-
cedure. Pure SiH4 gas was introduced into a vacuum cham-
ber ~a background pressure of,1026 Torr! and the pressure
of SiH4 gas was held at;10 Torr. Laser pulses~;200 mJ
per pulse at 1.06mm, 10-ns pulse duration! from a
Nd31:YAG ~yttrium aluminum garnet! laser system were fo-
cused. The Si nanocrystallites deposited on quartz substrates
were oxidized at room temperature. Transmission electron
microscopy, Fourier-transform infrared spectroscopy, and
x-ray photoemission spectroscopy examinations indicated
that the oxidized Si nanocrystallites consist of ac-Si sphere
of the 3.7-nm average diameter and a 1.6-nm-thick amor-
phous SiO2 ~a-SiO2! surface layer. For comparison, we have
also prepared 40-mm-thick free-standing porous silicon films
from p-type, 3.5-V cm Si wafers. Details of the preparation
of porous silicon are given in Ref. 7.

The photoluminescence spectra were obtained by using
Cd-He, He-Ne, Kr, and dye lasers. The measurement tem-
perature was varied from 2 to 300 K in a cryostat. The time-
resolved PL spectra of oxidized Si nanocrystallites were
measured under 5-ns, 355-nm excitation~10-Hz repetition
rate! using a boxcar signal averager. The spectral sensitivity
of the measuring system was calibrated by using a tungsten
standard lamp.

III. RESULTS AND DISCUSSION

Figure 1 shows optical absorption spectra in oxidized Si
nanocrystallites, porous silicon, bulk crystalline Si~c-Si!,14

and hydrogenated amorphous Si~a-Si:H!.15 An exponential
absorption tail~the Urbach tail! in Si nanocrystallites is ob-
served in the near-infrared and visible regions. The absorp-
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tion spectrum is approximately given by

a}exp~\v/Ea!, ~1!

where\v is the incident photon energy andEa is the Urbach
energy determining the exponential slope. In direct-gap
semiconductor nanocrystallites, the peak of the lowest ab-
sorption band is clearly observed even in samples having
broad crystallite size distributions.16 However, featureless
absorption spectra are observed in porous silicon and Si
nanocrystallites. In Si nanocrystallites, the conduction band
has a large density of size-quantized states. Phonon-assisted
optical transitions near the lowest level cause the overlap-
ping of optical transitions.17,18Then, it is speculated that one
origin of featureless absorption spectra is the indirect-gap
nature of Si nanocrystallites in the absorption process.

The absorption spectrum of the nanocrystallite sample is
entirely different from that of indirect-gap bulk crystalline Si
~c-Si!. The exponential absorption tail~the Urbach energy
Ea;250 meV in Si nanocrystallites! is much larger than
a-Si:H ~Ea;40–50 meV!. Porous silicon and Si nanocrys-
tallites are an interesting class of materials whose properties
differ from those of single crystalline Si and amorphous Si.
The large Urbach tail reflects the nanoscopic disorder nature
of Si nanocrystallites, such as a distribution of crystallite size
and shape and variations in surface roughness and surface
structures. Therefore, it is considered that the featureless and
exponential absorption spectrum reflects both the indirect-
gap semiconductor nature of nanocrystallites and the nano-
scopic disorder of nanocrystallites. This large Urbach energy
causes the complicated PL behaviors in Si nanocrystallites,
as will be shown below.

Red luminescence in our oxidized Si nanocrystallites is
excited most efficiently by laser energies above 2.5 eV. Un-
der 325-nm excitation at room temperature, a PL peak is
around;1.65 eV and the PL spectrum is very broad~;0.3
eV full width at half maximum! with a slightly asymmetric
Gaussian shape. Efficient red luminescence appears within
the exponential absorption tail. The PL peak energy is not
sensitive to the crystallite size.13 Only a very small blueshift
of the PL peak energy appears with a decrease of crystallite
size: The blueshift of the PL peak energy is 0.1 eV or less in
a range between 3.5 and 13 mm. This size dependence of the

PL peak energy cannot be explained by the proposed ‘‘pure’’
quantum confinement theories.19–21Rather, the PL intensity
is very sensitive to crystallite size and the surface oxidation
condition. The broad PL is caused by light-emitting sites
with broad energy distribution in Si nanocrystallites. The
oxidized Si nanocrystallite sample is a disorder system as a
set of nanometer-size crystalline spheres.

Figure 2 shows the temperature dependence of the PL
peak wavelength and the PL intensity under 0.2-mW/cm2,
325-nm excitation from a cw He-Cd laser. With a decrease
of temperature, the PL peak wavelength becomes shorter. At
low temperatures below about 100 K, the PL peak wave-
length is not sensitive to temperature. Moreover, the PL in-
tensity gradually increases with decreasing temperature until
about 100 K and then decreases at low temperatures below
100 K. These temperature dependences of the PL peak wave-
length and intensity imply that the microscopic processes
determining PL properties at low temperatures are different
from those at high temperatures. For a deeper understanding
of this temperature dependence, we measured the tempera-
ture and wavelength dependence of the PL decay dynamics.

The PL decay profiles are nonexponential at the tempera-
ture between 10 and 300 K and they are well described by a
stretched exponential function22,23

I ~ t !5I 0~t/t !12bexp@2~ t/t!b#, ~2!

wheret is an effective decay time,b is a constant between 0
and 1, andI 0 is a constant. The solid line in the inset of Fig.
3 is given by the above function. The least-squares fitting of
the data gives the value oft. This stretched exponential de-
cay is usually observed in the PL decay and transport prop-
erties of disordered system.22 The temperature and photon-
energy dependences of the PL decay ratet21 are
summarized in Fig. 3. At high temperatures, the PL decay
time t depends strongly on both the monitored PL photon
energy and temperature. An exponential energy dependence
of the PL decay ratet21 decay rate is observed: The decay
rate is approximately given by

FIG. 1. Optical absorption spectra of~a! an oxidized Si crystal-
lite sample with the averagec-Si core diameter of 3.7 nm~ad
spectrum!, ~b! porous silicon,~c! indirect-gap crystalline bulk Si
~Ref. 14!, and~d! amorphous Si:H~Ref. 15!. Si nanocrystallites and
porous silicon show exponential absorption spectra in the near-
infrared and visible spectral regions.

FIG. 2. Temperature dependence of the peak wavelength of the
photoluminescence spectrum~solid circles! and the luminescence
intensity~open circles! under weak cw 325-nm laser excitation. The
broken line is a guide to the eye. At low temperatures below;100
K, the luminescence peak energy is almost independent of tempera-
ture and the luminescence intensity decreases. The temperature de-
pendence of the luminescence spectrum below;100 K is different
from that above;100 K.
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t21}exp~\vPL /E0!, ~3!

whereE0 is a constant depending on temperature and\vPL is
the PL photon energy. On the other hand, at low tempera-
tures below about 100 K, the PL decay rate is not sensitive to
the PL phonon energy. The dominant physical process con-
trolling PL properties at high temperatures is different from
that at low temperatures.

If the decay of excited electrons and holes in nanocrystal-
lites is determined by competing radiativetR and nonradia-
tive tNR, the PL lifetimetPL and the PL quantum yieldh are
given by

tPL
215tR

211tNR
21 ~4!

and

h5tR
21/~tR

211tNR
21!. ~5!

The ratio h /tPL gives the temperature dependence of the
radiative decay rate. The radiative decay rate depends
strongly on the temperature, as shown in Fig. 4, where the
relative PL intensityI is used instead ofh. With decreasing
temperature, the estimated radiative decay rateRr~5I /tPL!
increases. The temperature dependence of the radiative decay
rate is given by

Rr}exp~2Er /kT!, ~6!

whereEr is the thermal activation energy of the radiative
decay rate. The solid line in Fig. 4 givesEr;71 meV. The
temperature-dependent radiative lifetime means that the PL

does not come from one state in the single crystallite. We
need to consider the multilevel light-emitting states in the
single crystallite.

If the higher and lower states have the fast and slow decay
rates, respectively, and there is the Boltzmann distribution
between these states, the radiative decay rate is temperature
dependent. A simple model is a two-level one consisting of
the singlet and triplet exciton states in molecularlike materi-
als. The activation energyEr reported in porous silicon is
3–17 meV.24,25 It is proposed that in porous silicon the ther-
mal activation energy corresponds to the singlet-triplet split-
ting energy of the exciton states~D;3–10 meV!.6,25 The
values ofEr andD in porous silicon are very small compared
to Er;71 meV in our oxidized Si nanocrystallites. In par-
ticular,Er in oxidized Si nanocrystallites is very large com-
pared to the singlet-triplet splitting energy in nanocrystallites
in porous silicon. Rather, the activation energy of 71 meV is
close to the maximum of the phonon density of states in bulk
c-Si of 61 meV. Therefore, for the activation process in the
radiative decay rate in oxidized Si nanocrystallites, we con-
sider phonon-limited processes rather than the singlet-triplet
splitting mechanism.

The temperature dependence of the radiative lifetime is
well described by the above relation of Eq.~6! at high tem-
peratures. At low temperatures the radiative lifetime be-
comes very long. The PL properties at low temperatures will
be affected by the very long relaxation processes. In fact, the
temperature dependence of the PL properties at low tempera-
tures is different from that at high temperatures~see Figs. 2
and 3!. For the nonradiative recombination process, we con-
sider tunneling26 and thermally activated transport
processes25 of carriers to nonradiative recombination centers.
Both tunneling and thermally activated nonradiative recom-
bination rates depend on the barrier heightEa , whereEa is
the barrier height measured from the lowest-energy level of
the confined carrier. If a carrier has higher energy, the effec-
tive barrier height of this carrier becomes small. The nonra-
diative recombination rate of carriers in higher energy states
is larger. Suemoto, Tanaka, and Nakajima25 estimated that
the barrier height for nonradiative recombination processes
Ea is;0.2 eV for the PL lifetime between microseconds and

FIG. 3. Effective luminescence decay ratet21 as a function of
the monitored photon energy at 280, 220, 150, 80, and 30 K. The
exponential slope increases with increasing temperature. The inset
is the double logarithmic plot of photoluminescence decay curve at
80 K and 1.65 eV. The solid line is a theoretical curve given by a
stretched exponential function.

FIG. 4. Temperature dependence of the estimated radiative life-
time ~the ratio of the luminescence lifetime to the luminescence
intensitytPL/I !. The solid line is a calculated one.
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milliseconds in porous silicon. The similar PL lifetime is
observed in our Si nanocrystallites and the barrierEa is also
estimated to be 0.2–0.3 eV. This value is one order of mag-
nitude lower than the band offset between Si and SiO2. The
Si nanocrystallites are isolated from each other in our
samples. Then, it is considered that the carrier escape from a
crystallite to another crystallite does not occur. The small
barrier height~several hundred meV! implies that the carrier
is localized in a disordered potential of surface states onc-Si
spheres.

Let us consider the temperature dependence of the PL
peak energy and the PL decay dynamics. The PL peak wave-
length is not sensitive to the crystallite size. The size depen-
dence of the PL peak wavelength in oxidized Si nanocrystal-
lites is not explained by the proposed quantum confinement
models,19–21,27as mentioned above. Here we assume that lo-
calized tail states in Si nanocrystallites play an essential role
in radiative and nonradiative recombination processes. The
shallow tail state is formed by the disordered potential of the
surface states and this is due to the surface roughness and
variations in surface stoichiometry. The exponential tail be-
low the band edge is formed with small state density. The
temperature dependence of the PL spectrum and dynamics
suggests that the PL decay properties at high temperatures
are controlled by thermally activated process. The cascade of
carriers from higher states to lower states makes the lifetime
of higher states shorter and then the exponential slope is
observed. This thermal cascade process causes the PL peak
wavelength to shift to the long wavelength with increasing
temperature, as shown in Fig. 2. At low temperatures, the PL
decay rate is not sensitive to the PL energy and the PL peak
energy is not sensitive to temperature. The temperature-
insensitive PL properties suggest that the thermally activated
process is negligible at low temperatures. Because the radia-
tive lifetime is very long at temperature below 100 K, the
slow tunneling process affects the PL properties.25,26 The
long PL lifetime~tPL.0.3 ms atT,100 K! is mainly deter-
mined by the tunneling process and then PL peak energy is
almost independent of temperature. The thermally activated
or tunneling processes of carriers in tail states determine PL
properties of oxidized Si nanocrystallites.

The transient PL spectrum is sensitive to the laser excita-
tion intensity. With an increase of excitation intensity of
5-ns, 355-nm laser pulses, a blueshift of the PL peak energy
is observed, as shown in Fig. 5. These large shifts are not
observed in bulkc-Si anda-Si:H. Since Si nanocrystallites
show large Urbach energy and long PL lifetime, the state
filling easily occurs in the lower-energy states under high
excitation conditions. Then, we can observe the blueshift of
the PL peak energy at the initial stage. A rapid redshift of the
PL wavelength is also observed with delay time. This red-
shift shows that the recombination rate becomes larger at
higher-energy states, and is caused by the cascade of carriers
from higher states to lower states. The excitation-power-
sensitive PL spectrum suggests that shallow tail states with
small state density exist in Si nanocrystallites. Our experi-
mental results can be more easily understood in terms of the
localization of carriers or excitons in a disorder potential of
surface states onc-Si spheres.

The oxidized Si nanocrystallite sample shows the broad
PL spectra similar to porous silicon under laser excitation at

energies above;2.2 eV. However, by reducing the excita-
tion energy below 2 eV, steplike phonon structures due to
coupling TO phonons and TA phonons are clearly observed
in porous silicon at low temperatures.6,28,29In Fig. 6 we show
the PL spectrum of porous silicon under 1.959-eV excitation
at 2 K. Energy positions of the singlet-triplet splitting energy
of the excitons states~D55 meV!,6 TO phonons~57.3 meV!,
and TA phonons~18.2 meV! are indicated. Phonon-related
steplike structures are clearly observed in porous silicon un-
der resonance excitation. These steplike structures are differ-
ent from those ofa-Si:H ~Ref. 30! and porousa-Si:H ~Ref.
29! under resonant excitation. However, under the same ex-
perimental condition, clear phonon-related structures are not
observed in oxidized Si nanocrystallites, although a very
weak step seems to be near 60 meV. Phonon-related struc-
tures in porous silicon are much sharper than those in oxi-
dized Si nanocrystallites at least. In porous silicon, the step-

FIG. 5. Luminescence peak energy versus delay time under a
5-ns, 355-nm laser excitation of 0.64, 10.5, and 113mJ/cm2. With
an increase of the excitation laser intensity, the blueshift of the
luminescence peak energy occurs at the initial stage and the redshift
of the luminescence peak energy with time delay is clearly ob-
served.

FIG. 6. Luminescence spectra in porous silicon~upper part! and
oxidized Si nanocrystallite~lower part! samples under 1.959-eV
excitation at 2 K. Phonon-related structures in the luminescence
spectrum are clearly observed in porous silicon under resonant ex-
citation at low temperatures.
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like phonon structures are mainly caused by the sample
inhomogeneity of porous silicon,6 but the peak structure is
expected in idealized nanoparticles. The steplike structure in
the PL spectrum depends on the measurement temperature,
the sample preparation condition, and the laser excitation
condition.29 The quantitative explanation of the steplike
spectrum is still in dispute.

While luminescence data of oxidized Si nanocrystallites
and porous silicon are similar in many ways~e.g., the broad
PL spectrum in the red spectral region, nonexponential PL
decay in the microsecond to millisecond time region, and the
size-insensitive PL spectrum!, there are some important dif-
ferences as mentioned above~the activation energy for radia-
tive recombination and the phonon-related structure in the
PL spectrum!. Luminescence properties depend on the nano-
scopic inhomogeneity of the samples, such as the surface
structures of nanocrystallites and the size distribution of
nanocrystallites. The large activation energy for the radiative
recombination and indistinct phonon-related structures in the
PL spectrum show that a potential fluctuation in surface
states in oxidized Si nanocrystallites is much larger than that
in porous silicon. The disordered potential of oxidized sur-
face states causes the shallow tail or localized states. The
broad PL spectrum and nonexponential PL decay imply the
existence of shallow tail states below the band edge in oxi-
dized Si nanocrystallites. It is considered that the broad en-
ergy distribution of the radiative and nonradiative recombi-
nation centers in thesinglecrystallite mainly determines the
luminescence properties in isolated Si nanocrystallites.
Oxygen-modified surface states play active roles in lumines-
cence processes.

In porous silicon, the shape of nanocrystallites is not
spherical and the surface structure of nanocrystallite is ter-
minated by silicon hydrides, silicon oxyhydrides, and silicon
oxides. Nanocrystallites with different surface structures ex-
ist in porous silicon. After air exposure or surface oxidation,
porous silicon shows stable and efficient red
luminescence.6,31Oxygen-modified surface states play an es-
sential role in efficient luminescence processes even in po-
rous silicon. On the other hand, it is considered that phonon-
related structures in PL spectra under resonance excitation
are more sensitive to the disorder of crystallite surface. The
ordering of nanocrystallites depends on the bonding of the
surface atoms. Raman spectroscopy examinations imply that

hydrogen-terminated porous silicon shows the crystalline na-
ture while oxygen-terminated porous silicon shows atomic
disorder within the nanoparticles.32 Hydrogen termination
extremely reduces the surface recombination centers in bulk
c-Si.33 The role of hydrogen-terminated nanocrystallites in
luminescence in porous silicon is not clear. The microscopic
understanding of surface states in Si nanocrystallites reveals
the details of visible luminescence mechanism and the origin
of steplike structures at low temperatures. For a deeper un-
derstanding of electronic and optical properties of Si nano-
crystallites, we should try to prepare fully hydrogen-
terminated Si nanocrystallites and discuss their optical prop-
erties.

IV. CONCLUSION

In conclusion, we have studied dynamics and spectros-
copy of isolated oxidized Si nanocrystallites. The crystalline
Si spheres with a disorder potential of surface states show
complicated luminescence properties. Oxygen-modified sur-
face states play an essential role in radiative recombination
processes. We pointed out that while luminescence proper-
ties of oxidized Si nanocrystallites are similar to those of
porous silicon in many ways, there are some differences:
Phonon-related structures in the PL spectrum in porous sili-
con are much sharper than those of oxidized Si nanocrystal-
lites under resonance excitation at low temperatures. Our ex-
perimental results in oxidized Si nanocrystallites are
understood in terms of the localization of carriers or excitons
in a disorder potential of surface states onc-Si spheres. The
Si nanocrystallite sample is a nanoscopic disorder system in
the sense that it has a distribution of the crystalline size and
shape and a fluctuation of the surface structure and surface
stoichiometry. The nanoscopic inhomogeneity will produce
the unique optical properties of oxidized Si nanocrystallites
and porous silicon.
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