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Luminescence properties of nanometer-sized Si crystallites: Core and surface states
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We have studied the mechanism of visible photoluminescence (PL) from surface-oxidized Si
crystallites of 3.7 nm diameter. Under intense laser-pulse illumination, two PL bands are clearly
observed: a fast-decay blue-green PL band and a slow-decay red PL band. Time-resolved PL-
spectrum measurements indicate that carriers generated in the core state are rapidly localized into
the lower-energy surface states. Spectroscopic analysis indicates that the slow-decay red PL is caused
by the hopping-limited recombination process in the surface-localized state of the crystallite, while
the blue-green PL is caused by the band-edge emission from the core state of the crystallite.

There is currently intense interest in the optical and
electronic properties of nanometer-sized semiconductor
crystallites. The study of quantum size effects in
nanometer crystallites made from direct-gap semicon-
dutors such as CdSe,! CuCl,? etc. reveals that with a
decrease in the crystallite size, the band-gap energy in-
creases and the excited electronic states become discrete
with high oscillator strength. Very recently, a great deal
of research effort has been focused on indirect-gap semi-
conductor crystallites made from Si (Refs. 3 and 4) or
Ge.® However, despite many theoretical and experimen-
tal studies on the mechanism of the visible photolumi-
nescence (PL) from porous Si and Si nanometer-sized
crystallites, it still remains unclear.

With a large surface-to-volume ratio in nanometer-
sized crystallites, the surface effects become more en-
hanced on decreasing the size of nanometer-sized crys-
tallites. The presence of the crystallite surface as a
boundary and source of surface states makes crystal-
lites different from epitaxial low-dimensional structures,’
and the surface effects as well as the quantum confine-
ment effects control the optical and electronic proper-
ties of nanometer-sized crystallites.!'? These two effects
also complicate the mechanism of the broad visible PL
in electrochemically etched porous Si.® Time-resolved PL
studies in porous Si (Refs. 7-10) indicate that the re-
combination processes are complex and the PL decay ex-
hibits nonexponential behaviors. The broad PL spectrum
and the nonexponential slow PL decay suggest that the
disorder-induced localized state plays an important role
in the radiative recombination process.” 1 We have little
experimental understanding of the quantum confinement
effects in porous Si. To clarify the mechanism of the vis-
ible PL in Si nanostructures such as porous Si, we need
to fabricate Si nanocrystallite samples with an identical
surface structure and to study the optical absorption and
luminescence of isolated nanocrystallites.1*12

In this paper, we report the photoluminescence proper-
ties of surface-oxidized Si crystallites with 3.7 nm diam-
eter (the Si nanocrystallites capped by thin SiO, layer).
There are two electronic states exhibiting a nonexponen-
tial slow-decay PL band at the red spectral region and
a fast-decay PL band at the blue-green spectral region.
Spectroscopic analysis leads us to propose a model in
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which the red PL component originates from the surface
localized state, while the blue-green PL component orig-
inates from the core state in the crystallite.

The nanometer-sized Si crystallites were produced by
laser breakdown of SiH, gas. Pure SiH4 gas was intro-
duced into a vacuum chamber (a background pressure of
< 1078 Torr) and the pressure of SiH, gas was held at 10
Torr. Laser pulses (~ 200 mJ per pulse at 1.06 pum, 10-
ns pulse duration) from a Nd3*:YAG (yttrium aluminum
garnet) laser system were focused. The Si crystallites
deposited on quartz or Ge substrates were oxidized at
room temperature in a chamber. Transmission electron
microscopy, Fourier-transform infrared spectroscopy, and
x-ray photoemission spectroscopy examinations!! clearly
indicate that the oxidized Si crystallites consist of a crys-
talline Si (c-Si) sphere of the 3.7-nm average diameter
and an 1.6-nm-thick amorphous SiO; (a-SiO;) surface
layer.

Microsecond time-resolved PL spectra of oxidized Si
crystallites were measured in a vacuum under 5-ns, 355-
nm excitation (10-Hz repetition rate). The temperature
was varied from 10 to 300 K in a cryostat. The spec-
tral sensitivity of the measuring system was calibrated
by using a tungsten standard lamp. In these experimen-
tal conditions, no significant fatigue of luminescence was
observed.

Figure 1 summarizes the optical absorption, the PL
spectrum under cw 325-nm laser excitation (weak laser il-
lumination), and the first 200-ns time-averaged PL spec-
trum under 355-nm, 5-ns pulse excitation of (a) ~ 100
pJ/cm? and (b) ~ 0.6 pJ/cm? at room temperature. In
the PL spectrum under cw laser excitation, a PL peak
is around 760 nm and the PL spectrum is very broad
[~ 0.3 eV full width at half maximum (FWHM)] with
Gaussian-like shape. On the other hand, under pulse
laser excitation, a PL band having a short lifetime is ob-
served around 500 nm and this PL band becomes clear
with increasing laser intensity. There is a weak absorp-
tion tail in the visible region and a strong absorption at
the photon energy above 3 eV. It is pointed out that the
blueshift of the optical absorption edge in Si nanocrystal-
lites and the blue-green PL appears near the absorption
edge.

Figure 2 shows the microsecond time-resolved PL from
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FIG. 1. Optical absorption spectrum, the photolumines-
cence spectrum under cw 325-nm laser excitation, and the
first 200-ns averaged photoluminescence spectra under 5-ns,
335-nm pulsed laser excitation of (a) ~100 uJ cm? (solid line)
and (b) ~ 0.6 uJ/cm? (broken line) at room temperature.

oxidized Si crystallites. This figure was constructed from
the spectrally resolved temporal response of photolumi-
nescence. The decay of the red PL is slow, and the
PL peak shifts to the longer wavelength with time de-
lay. This suggests that carriers or excitons relax toward
lower-energy states gradually. On the other hand, the
decay of the blue-green PL band was very fast and the
decay profile was not observed in the microsecond time
region.

Figure 3(a) shows the red PL decay profiles at different
wavelengths in the broad PL band at room temperature.
The PL decay profiles are nonexponential, and they are
well described by a stretched exponential function:!3

I(t) = Io(7/t)* =P exp[~(t/7)"), 1)

where 7 is an effective decay time, (3 is a constant be-
tween 0 and 1, and I, is a constant. The solid lines in
this figure are given by the above function. The least-
squares fitting of the data gives values of 7 and 8. This
stretched exponential decay is usually observed in the PL
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FIG. 2. Microsecond time-resolved photoluminescence
spectra of oxidized Si nanocrystallites at room temperature
under ~ 70-pJ/cm? pulse laser excitation.

FIG. 3. (a) Double logarithmic plot of the decay curves
at different wavelengths in the broad PL spectrum at room
temperature. The solid lines are theoretical curves given by
stretched exponential functions. (b) The PL decay rate 77! as
a function of the photon energy. The inset is the absorbance

ad vs the photon energy.

decay and transport properties of disordered system.'3

The stretched exponential decay of the red PL suggests
that the hopping motion of electrons and holes in local-
ized states plays an important role in the PL process in
Si nanocrystallites.

The decay time 7 strongly depends on both the mon-
itored PL photon energy and temperature. Figure 3(b)
shows the dependence of the PL decay rate 7! on the PL
photon energy E at room temperature. The exponential
energy dependence of the decay rate is observed: The
decay rate is approximately given by 77! o exp(T'+E),
where the straight line gives a value of I'; ~ 3.4 eV~1L,
Optical absorption measurements also indicate that the
absorption edge has an exponential tail (the Urbach tail)
in the visible spectral region, as shown in the inset of Fig.
3(b): The absorption tail is expressed as ad « exp(['oE),
where [, is about 2.2 eV~! and this value is slightly
smaller than that of I',. We believe that the observed ex-
ponential energy dependence of the PL decay rate mainly
reflects that of the density of localized states. Because
the cascade of carriers from higher states to lower states
makes the lifetime of higher states to be shorter, the ex-
ponential slope I'; is larger than that of the density of
states I',. Moreover, the temperature dependence of 7!
at a certain energy is given by 77! o exp(—C/T/3),
where the factor C is a constant. This temperature
dependence is also observed in electrochemically etched
porous Si (Ref. 14) and is identical with the tempera-
ture dependence of the variable-range hopping of carriers
in the two-dimensional systems. These characteristics of
microsecond time-resolved PL (the stretched exponential
PL decay, the exponential energy dependence of 7, and
the temperature dependence of 7) strongly suggest that
the disorder-induced carrier localization and the carrier
hopping process in the quasi-two-dimensional surface re-
gion play a dominant role in the slow-decay red PL pro-
cess in oxidized Si nanocrystallites.

Under intense pulse laser illumination, the transient
blue-green PL band clearly appears near the absorption
edge. Figure 4 shows the incident laser power depen-
dence of the blue-green and red PL intensity. Even un-
der intense laser illumination when the red PL inten-
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FIG. 4. Blue-green and red PL intensity at room temper-
ature as a function of the incident nanosecond laser energy
fluence per pulse. The inset is the picosecond PL decay at
500 nm. The solid lines are single exponential with time con-
stants of ~ 1 ns at 100 K and ~ 0.8 ns at 290 K. The energy
fluence dependence and decay dynamics of the blue-green PL
are different from those of the red PL.

sity saturates, the blue-green PL intensity increases lin-
early with increasing laser intensity. Moreover, picosec-
ond time-resolved PL spectra were measured by using a
synchroscan streak camera and a 360-nm and 200-fs pulse
from a cw-mode-locked Ti:Al;O3 laser (81-MHz repeti-
tion rate). The blue-green PL decay is very fast as shown
in the inset of Fig. 4 (e.g., the solid lines are single ex-
ponential with time constants of about 1 ns at 100 K
and about 0.8 ns at 290 K). There is no long component
of the blue-green PL. Consequently, this PL band with
a fast-decay rate and low efficiency (the time-integrated
intensity ratio of the blue-green to the red PL is several
percent or less) is not observed under cw laser excitation.
These characteristics suggest that the mechanism of the
blue-green PL is different from that of the red PL orig-
inating from the long-lived surface states and that the
blue-green PL is the “band edge” emission from the core
state of the crystallite.

Here we consider the origin of the red and blue-green
PL in oxidized Si nanocrystallites. The band gap of the
SiO; layer is out of the visible range (> 8 eV) and this
layer does not itself contribute to the visible PL. How-
ever, it is theoretically pointed out that this SiO, layer
creates an electronic state in an interface region between
the c-Si core and SiO; layer:*! The oxidized Si crystallite
consists of two electronic states of the near-surface region
and the c¢-Si core. Here, for simplicity, we consider the
surface region as the one-sided oxidized planar Si sheet.
The band gap of the fully oxygen-terminated Si sheet is
calculated to be about 1.7 eV, which is roughly equal
to the peak energy of the red PL. The band-gap energy
of the 3.7-nm-diameter c-Si crystallite is about 2.4 eV,6
which is roughly equal to the peak energy of the blue-
green PL. The band-gap energy of the oxygen-induced
surface state is lower than that of the c¢-Si core. The
surface roughness and the spatial fluctuation of the O
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FIG. 5. Illustration of the density of states of oxidized Si
nanocrystallites. The c-Si crystallite consists of two lumines-
cent states: the c-Si core and the surface states. The band-gap
energy of the 3.7-nm-diameter c-Si core is about 2.4 eV, while
the band-gap energy of the oxidized surface region is about
1.7 eV. The density of localized states exponentially falls off
away from the c-Si core edge. The exponential tail (the Ur-
bach tail) states are caused by the disordered surface states
in the crystallites and the size distribution of the crystallites.

termination at the surface induce the energy distribution
of the surface states. The band gap of one-sided oxi-
dized Si sheet depends on the O-covering ratio: e.g., 2.0
eV in an incompletely oxidized (20% O-covering ratio) to
1.7 eV in fully oxidized (100% O terminated) Si sheet.!®
These disordered surface effects cause the absorption tail
and become more enhanced because of a large surface-to-
volume ratio in nanometer-sized crystallites. In addition,
the size distribution of the crystallites and defects in the
¢-Si core also contribute to the Urbach tail in the absorp-
tion spectrum. The density of states in our oxidized Si
crystallite sample is illustrated in Fig. 5. The density
of localized band-tail states exponentially falls off away
from the c¢-Si core edge.

According to our energy diagram for oxidized Si crys-
tallites, the radiative recombination process proceeds as
follows: The photogeneration of carriers occurs within
the core state, and a large number of the carriers are
rapidly localized from the core state into the lower-energy
localized surface states. The localized electrons and holes
in the random potential (band tail) hop among localized
states. If the hopping distance scarcely depends on the
energy of the band-tail state, the lifetime of the red PL
reflects the density of surface localized states. The dif-
ference between I', and I', is caused by the hopping-
down process (nonradiative process) from higher local-
ized states into lower localized states. The redshift of
the PL peak in the microsecond, the stretched exponen-
tial PL decay, and the exponential energy dependence
of the PL decay rate is caused by the carrier-hopping-
limited recombination process in surface localized states.
On the other hand, under intense and short pulse illumi-
nation, the localized surface states show the population
saturation, because the density of states is small and the
recombination lifetime in localized states is microseconds
or more. Then, some of the carriers remain in the core
state and recombine radiatively in the core region. We
observe the blue-green PL band-edge emission from the
core state near the absorption edge. However, the blue-
green PL decay is determined by the nonradiative process
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in the core and the decay process from the core to the
surface states, because the lifetime of the blue-green PL
depends on temperature and the total intensity of the
blue-green PL is lower than that of the red PL.

In as-prepared porous Si without air exposure, a very
weak green PL is observed under cw laser excitation.!”
After surface oxidation, a stable and strong PL band is
observed at the red spectral region.!%'” The stretched
exponential PL decay in these porous Si (Refs. 7-9 and
14) also suggests that the oxidized surface region becomes
the localized states exhibiting strong and stable lumines-
cence at the red spectral region. By removing the sur-
face localized states exhibiting red PL, we expect to ob-
serve the “band-edge” luminescence from the core state
even under cw laser excitation. For example, ab initio
band-structure calculations'® suggest that the band-gap
energy of the surface Si monolayer decreases with increas-
ing the O-covering ratio (2.6 eV in the fully H-terminated
Si sheet to 1.7 eV in the oxidized Si sheet). Because the
band-gap energy of the H-terminated Si surface sheet is
expected to be equal to or larger than that of the Si core
with ~3 nm diameter, it is considered that the carefully
controlled electrochemical method without air exposure
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can reduce oxidized surface states exhibiting the red luni-
nescence and cause blue-green luninescence from the core
state in porous Si. In Si nanocrystallites, we can control
the PL wavelength and the origin of the PL by chang-
ing either the excitation conditions (the laser pulse width
and intensity in photoluminescence and the applied volt-
age in electroluminescence!®) or the chemical structure
of the crystallite surface.

In conclusion, we have studied time-resolved lumines-
cence spectra to understand the nature of the core and
surface states in 3.7-nm-diameter Si crystallites. Two
PL components are observed: a fast component at the
blue-green spectral region and a slow component at the
red spectral region. The slow red component originates
from the surface localized state of the crystallite and re-
flects the disorder nature of the Si nanocrystallite, while
the fast blue-green component originates from the core
region of the crystallite.
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