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Experimental investigations on the red photoluminescence 共PL兲 from nanocrystalline Si (nc-Si)
embedded in a SiO2 matrix, fabricated by plasma-enhanced chemical vapor deposition and a
subsequent post-treatment, reveal under certain conditions the occurrence of kinetic oscillations. For
the red PL between 1.5 and 1.75 eV, the spectral shift and the peak intensity versus annealing times
show temporal oscillations. The spectral variations are explained by the growth and decay kinetics
of two oxygen thermal donors 共TDs兲 upon annealing. The oscillatory behavior is a pure kinetic one.
It reflects the regrowth of oxygen TDs by an autocatalytic process during their decay. Although the
source for the autocatalysis is not clear, this PL oscillation adds more evidence that the red PL
observed in our system originates from oxygen TDs-related defect states. © 2000 American
Institute of Physics. 关S0003-6951共00兲01531-X兴

Porous silicon 共PS兲 formed by electrochemical anodization has attracted a lot of interest during the past decade
because of its strong visible photoluminescence 共PL兲 at room
temperature.1 Although a great deal of effort has been made
to elucidate the origin of the PL, a consensus on PL mechanisms is still lacking due to the difficulty of distinguishing
the surface effect and quantum size effect.2,3
In addition to PS, nanocrystalline Si (nc-Si) synthesized
by dry chemical methods has also been investigated in order
to understand PL mechanisms.4–7 The detailed synthesis and
PL properties of nc-Si/SiO2 films by plasma-enhanced
chemical vapor deposition 共CVD兲 and post-treatment have
been reported previously, where oxide-related defect states
were suggested to be responsible for the red PL.8 Afterwards
defect studies using electron spin resonance 共ESR兲 in this
system demonstrated that Si-NL8-related oxygen thermal donors 共TDs兲 show a strong correlation with the 1.5 eV
emission.9 Recently, we further investigated the dependence
of the red PL on annealing temperatures. This investigation
further demonstrated that the PL around 1.5 eV is mainly due
to Si-NL8-related oxygen TDs whereas the PL around 1.75
eV is mainly connected with another oxygen TDs, i.e., SiNL10-related oxygen TDs.10
In this letter, we report on a spectral oscillatory behavior
of the red PL upon annealing at 400 °C. For a PL around
1.75 eV, at shorter annealing times, it red-shifts to ⬃1.5 eV,
accompanied by an increase of the PL intensity. At longer
annealing times, it blue-shifts from 1.5 eV back to a higher
energy, accompanied by a decrease of the PL intensity. The
spectral shift and the peak intensity versus annealing times
show temporal oscillations. The spectral variations can be
explained by the growth and decay kinetics of Si-NL8 and
Si-NL10 defect states upon annealing. The oscillatory behav-

ior is a pure kinetic one. It reflects the regrowth of oxygen
TDs by an autocatalytic process during their decay. Although
the source for the autocatalysis is not clear, this PL oscillation excludes the variation of nc-Si itself as the oscillation
element.
One sample used for the demonstration of spectral oscillations was prepared as follows: First, an amorphous Si film
was deposited onto a Si 共100兲 wafer from pure silane plasma.
Afterwards the film was annealed under 0.03 mbar of hydrogen flow at 660 °C for 40 min. Then the film was preoxidized under a flow of pure oxygen at 350 °C for 4 h. Finally,
the preoxidized film was annealed at 870 °C under a forming
gas 关共FG兲, 5 mol. % hydrogen in nitrogen兴 atmosphere for 8
h. The sample gives a weak PL around 1.75 eV. Then the
sample was used for the 400 °C annealing experiment.
The excitation source for room temperature steady-state
PL spectra was the 325 nm line of a He–Cd laser 共Omnichrome Series 56兲. The pump power density of the laser
was 0.4 W/cm2. PL signals were spectrally resolved with a
grating spectrometer 共Spex Model 1681B兲 and detected by a
Si diode in a lock-in mode. The calibration of the spectral
sensitivity of the whole measuring system was performed
with a tungsten standard lamp.
Figure 1 shows spectra of the red PL at different annealing times during the first cycle. Figure 2 further displays the
spectral shift and intensity variation of the PL versus accumulation annealing times. The sample shows a weak PL
around 1.75 eV before annealing at 400 °C. With increasing
annealing times (⬍10 h), the PL gradually red-shifts from
1.75 to 1.46 eV and its intensity increases by a factor of 18.
A subsequent 18 h annealing blue-shifts the PL from 1.46 to
1.59 eV and reduces its intensity by a factor of 2.8. From this
position, annealing at shorter times (⬍5 h) leads to a redshift from 1.59 to 1.49 eV and to an increase of the intensity
while annealing at longer times 共42 h兲 results in a blue-shift
from 1.49 to 1.63 eV and in a decrease of the intensity. From
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FIG. 1. Evolution of the red PL upon annealing at 400 °C for sample A.
Curve 共a兲 is obtained after annealing at 870 °C for 8 h. Other curves are
obtained after 400 °C annealing at different times.

1.63 eV, again at shorter times 共8 h兲, the PL red-shifts from
1.63 to 1.49 eV with a 3.5 times increase in intensity,
whereas at longer times 共70 h兲, it blue-shifts from 1.49 to
1.75 eV with a 11 times decrease in intensity. It can be seen
clearly from Fig. 2 that both the spectral shift and the intensity variation versus accumulation annealing times exhibit
temporal oscillatory behavior. Each oscillation is composed
of two time segments, i.e., a shorter time segment with a
red-shift of the peak energy and an increase in intensity and
a longer time segment with a blue-shift of the peak energy
and a decrease in intensity. FTIR and XRD characterizations
show no observable change upon annealing. This means that
the macroscopic structure of the nc-Si/SiO2 film does not
change. The peak intensity versus the peak energy for all
three cycles is presented in Fig. 3. The PL with lower peak
energy is stronger than that with higher peak energy. In addition, the increase in intensity and the degree of red-shift
decrease with cycling times.
Oxygen TDs widely exist in oxygen-riched crystalline
silicon under low temperature annealing (300– 550 °C). 11,12
From ESR measurements mainly two signals 共Si-NL8 and
Si-NL10兲 are related to oxygen TDs. The formation process
of Si-NL8 states are normally faster than that of Si-NL10
states, but Si-NL8 states are less stable at longer annealing
times and at higher temperatures compared with Si-NL10
states.13 Earlier studies in nc-Si/SiO2 films have shown that

FIG. 2. Temporal oscillations of the peak energy 共a兲 and of the PL intensities at 1.75 eV, at 1.46 eV, and at the peak energy 共b兲 for sample A.

Wu et al.

FIG. 3. The peak intensity vs the peak energy for three cycles for sample A.
Solid line is used for eye guide.

the PL around 1.5 eV is mainly due to Si-NL8 states and that
the PL around 1.75 eV is mainly due to Si-NL10 states.9,10
The red PL is composed of these two states. The peak energy
and the PL intensity are determined by the concentration
ratio of these two components. Now we can explain the spectral shift and intensity variation upon annealing times as follows: Low temperature annealing first leads to the growth of
oxygen TDs. Since the growth rate of Si-NL8 states are
faster than that of Si-NL10 states, the increase of PL intensity in lower energy is larger than that in higher energy. This
leads to a red-shift of the peak energy, accompanied by an
increase in intensity. After reaching their maximum concentrations, oxygen TDs begin to decay. Since the decay rate of
Si-NL8 states is faster than that of Si-NL10 states, the decrease of PL intensity in lower energy is larger than that in
higher energy. This leads to a blue-shift of the peak energy,
accompanied by a decrease in intensity. In one word, the
variance of the growth and decay kinetics of Si-NL8 and
Si-NL10 states leads to the observed spectral changes. Thus,
the shorter time segment corresponds to the growth process
of oxygen TDs while the longer time segment corresponds to
the decay process of oxygen TDs.
Apart from the intensity at peak energy, the intensities at
1.75 and 1.46 eV versus annealing times are also displayed
in Fig. 2 共b兲. Both Si-NL8 states and Si-NL10 states exhibit
this growth and decay process. Both the growth rate and the
decay rate of Si-NL8 states are faster than those of Si-NL10
states.
Figure 4 shows a complete growth and decay process of
PL centers for another sample 共sample B兲. The PL variation
shows a similar trend to that of sample A, i.e., at shorter
annealing times 共6.5 h兲, the PL red-shifts from 1.68 to 1.51
eV, accompanied by an increase in intensity. At longer annealing times 共54 h兲, the PL blue-shift from 1.51 to 1.70 eV,
accompanied by a decrease in intensity. However, the details
of the variation are different. For example, for sample A
from 1.44 to 1.59 eV, the intensities at 1.75 and 1.46 eV
decrease by a factor of 1.5 and 2.9, respectively, whereas for
sample B from 1.51 to 1.59 eV, the intensities at these two
energies decrease by a factor of 1 and 1.4, respectively. The
contribution of Si-NL8 states to the whole PL in sample A is
larger than that in sample B. This variance is sample dependent.
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FIG. 4. The peak energy 共a兲 and the PL intensities at 1.75 eV, at 1.46 eV,
and at the peak energy 共b兲 vs annealing times for sample B.

Many effects can cause oscillations, such as nonisothermal behavior, transformation of surface structure, mass
transfer.14–16 Since in our case the annealing temperature is
kept as a constant, our system can be considered as an isothermal system. Besides, the role of FG is mainly the passivation of nonradiative centers, not a constituent of oxygen
TDs, i.e., there is no mass transfer between FG and oxygen
TDs. Thus, our system can be considered as a closed system.
In a closed system, the concentrations, which vary in an oscillatory way, are those of the intermediates.14 ESR measurements indicate that the concentrations of oxygen TDs in
crystalline Si at a low temperature annealing first increase
with annealing times, then reach a maximum, and finally
decrease.13 Both Si-NL8 states and Si-NL10 states are therefore intermediates. They satisfy one of the conditions for
oscillations in a closed system. Another vital factor is a
‘‘driving force’’ for oscillations. Some intermediate or product of a series of chemical reactions must be able to influence
the rate of earlier steps of the series.14 Since oxygen TDs
have been observed only in crystalline Si in bulk, we think
that in our case the oxygen TDs are also around nc-Si. In
addition, the concentration oscillations of Si-NL8 states and
Si-NL10 states have not been observed in crystalline Si in
bulk. We think that the spectral oscillations observed in
nc-Si/SiO2 film may connect with a limited diffusion space
of oxygen TDs in this heterogeneous system. However, the
driving force for the oscillations is not clear now.
Oxygen TDs can exist in three charge states: TD0, TD⫹,
and TD⫹⫹. Although a large number of research have been
done on oxygen TDs, their core structures are still unclear.17
Si-NL8 state is considered as a TD⫹ state and Si-NL10 state
is considered as a TD0 state,17 i.e., they have similar core
structures. This explains their similar oscillatory behaviors.
As is well known, chemical oscillation normally takes
place at special reaction conditions 共reactant concentration,
temperature, pressure etc.兲.14 In our case, annealing temperatures between 200 and 700 °C were investigated. The kinetic
oscillation only appeared upon 400 °C annealing. In addition, an oscillation without sustaining eventually will die out,
and the system will finally go back to its thermodynamic
state. As seen in Fig. 3, the amplitude of oscillations decreases with cycling times. Due to the higher stability of
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Si-NL10 states at 400 °C, some of them still remain after
long annealing times and show a weak PL around 1.75 eV.
As shown in Fig. 2 共b兲 points 1, 2, and 3, the growth of
PL centers can be initiated at different peak energies during
the decay of PL centers. Studies on other samples also give
similar results. This indicates that the oscillatory behavior
observed here is a pure kinetic one. This rules out the structural phase transition or the size variation of nc-Si itself as
the oscillatory element. However, it supports the concentration changes of Si-NL8 and Si-NL10 states, controlled by
pure kinetic reactions, as the oscillatory element.
One disputing focus of visible PL in PS is that the PL
originates from nc-Si itself or from interfacial defect
states.2,3 Prokes et al. have connected the oxygen TDs with
nonbridge oxygen hole centers 共NBOHs兲 and suggested that
NBOHs are responsible for the visible PL in oxidized PS18
and the red PL in our nc-Si/SiO2 system.9 Because the core
structure of oxygen TDs is not clear yet, we will not discuss
here their possible connections with other oxide-related defect states. But the spectral oscillatory behavior observed
here gives support to the view that oxygen TDs-related defect states are responsible for the red PL in this system.
In conclusion, a temporal oscillation of the spectral
variations of red PL from nc-Si/SiO2 film has been observed
under appropriate annealing conditions. This adds more evidence that oxygen TDs-related defect states, produced in
nc-Si by annealing, are the most possible candidate for the
observed PL in this system. The source for the spectral oscillations, the structure of oxygen TDs in nc-Si, and the
relation of this red PL to the visible PL in PS need further
investigations.
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